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AUTHORS' ABSTRACT /2%

"R&didizluﬁheniyé Zemli Kak pléﬂetg,iﬁadio Emission of the
Earth as a Planet/, Basharinov, A. Ye., Gurvich, A, 3., and
Yegorov, S. T., Nauka Press, 1974, 187 pp.

The book presents the physical essentlals of microwave sens-
ing of the Earth/ and its atmosphere. Characteristics of the _
formation of microwave radiation in the system Earthfs_ggmggpherd;
surface are examined. Principal emphasis is glven to problems
that yield a practical outcome: determining humidity, moisture
content of clouds, continuity of ice cover, moisture content,
and temperature of land cover. The book generalizes experience
in satellite measurements in the microwave range. These measure-
ments were made for the first time on the satellites Kosmos [243
and Kosmos {384 4An 1968 and 1970 and provides new geophysical
results and new methods of remote sensing. At the present time
interest in microwave sensing has risen sharply both in cur
countries and abroad -- satellites with microwave radiometers
began operating In the US fin 1973. Based on the accumulated
experience, promising functions of satelllte and ground-based
microwave sensing in a complex with other facilitles are examined.
The treatment o a large exbtent is based on original results
obtained by the authors.

The book 1s written for specialists in geophysics,
meteordlogy, and the study of natural resources from space and
is of interest to a wlde range of readers, including designers
of remote sensing systems and specialists in radiowave propagation.

Chief éditor: M. S. MALKEVICH

¥ Numbers in margins indicate pagination in the foreign text.
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FOREWORD /3

Observations of the conditions of the atmosphere, cloud
cover, and. land surface made by meteorologlcal satellites have
ylelded a wealth of information necessary for the study of
atmospheric processes and. solving problems in weather fore-
casting. However, the use on satellites of only optical and
infrared spectral regions markedly complicated the interpre-
tation of the observations, since the atmosphere and especlally
clouds strongly absorb {electromagnetic waves in this range.

In order to increase the reliability of data on the condition

of the atmosphere and the ocean, which' is particularly important
in achieving greater timeliness of predictions of weather changes,
it is necessary to expand the information on aftmospheric and
oceanlc processes obtained from satellites. Radiocastronomical
methods bagsed on measuring the ocutgoing radiothermal emission

of the system atmosphere-underlying surface openéd up new
possibilitles for acquisition of this information.

The advantage of remote sensing methods based on measuring
radiothermal emission is due above all to the transparency of
the Earth's atmosphere for ‘centimeter and millimeter radiowaves.
The fairly high transparency of the atmosphere permits determining
the temperature and the condltion of the ocean surface, and
obtaining an estimate of the continuity of iee cover in polar
reglons from measurements of radiatlion in the centimeter wave-
length range, virtually independently of the presence of cloud
cover. In additlon, the presence in the centimeter wavelength
range of quite intense absorption lines of water vapor and
weakly selective abscrption lines in the liquid water of clouds
permits determining not only the characterlistics of the under-
lying surface, hut also 1 atmospheric parameters, such as alr
humidity and molisture content of clouds, and alsc tracing the
relaftionship between these parameters and ftotal atmospheric
circulation. J

The book presented to the readers is a generalization of the
resulfts of measurements of Tthermal radio emission of Earth from
the satellites Kosmos-243 and Kosmos~384 that were first begun
in the Soviet Union in 1968 and showéd the advantages of radio-
astroncmical methods for investligating our planet from outer-
space.

The book examines the physical fundamentals of remote sensing
of the atmosphere and the underlying surface.. Not only is a
substantiation provided for already implemented methods of /4
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determining geophysical parameters from measurements of thermal
radlo emission, but ways of extending the capabilities of these
methods in- solv1ng other problems in geophysics, meteorology,
and the study of natural resources from space are indicated.

Taking measurements from satellltes required building a
complex of automated radiometers satisfying the experimentsal
conditlons. Much gspace in the book is glven to describing the
principles of designing this eaulipment and the specific detaills
of satellite measurements of thermal radio emission.

Of particular interest is a detalled destription of the
results obtained with the above-mentiocned Kosmos satellltes and
thelr possible application in solving applied problems.

Tt should be noted that 4 years after the Soviet experiments,
in December 1972 when the book had already been prepared for print,
the Nimbus -5 meteorclogical satellite was launched in the Unilted
States; onboard the satellite instruments for measuring the
fhermal radioc emission of Earth had alsco been installed. The
first published results based on the materials of measurements
from Nimbus 5 agreed with the data obtained in the Soviet Union.

It can be hoped that the successes of satellite experiments
will spur further development of remote sensing of the atmosphere
in the radiowave range along with other methods of sensing, and
alsco the broader use of the results of satellifte measurements
in meteorology and other/fields of practical application.

M. 8. Malkevich



INTRODUCTION

The use of artificial Earth satellites for investigations
of the environment by remote sensing methods invelves different
sections of the electromagnetic spectrum. In this problem area
radicastronomical methods of studying the radiothermal emission
of Egrth figure prominently.

Radioastronomical methods of investigation at the present
time have reached a high degree of perfection, however their use
for the study of Earth from artificial satellites requires the
solution of a great many. specific problems. In contrast ©o
other space objeets, a much greater body of information has been
accumulated on our planet and therefore in remote sensing in The
radiowave range 1t is necessary to be able to use all the avail-
able data in order to more reliably interpret results to acguire
new information.

The first investigations of the Earth's atmosphere by radlo-
astronomical methods were conducted by R. Dicke in 1946. Of
high significance to the advancement of investigations of radio-
thermal radiation of the atmosphere and land and sea cover of
Earth in the USSR are the studies by V. S. Troitskiy, S. A. Zhev~
kin, K. 8. Shifrin, L. T. Tuchkov, and their coworkers. Several
problems of the measurement of thermal radio emission of Terres-
trial cover and atmosphere are treated in monographs by K. Ya.
Kondrat'yev, Yu. M. Timofeyev, and B. V. Vincgradov

In the United States, an important cycle of studies was done
by C. Tolbert, D. Hogg, D. Stilin, and W. Nordberg.

The range of geophy51cal problems associated with measure-
ment of radiothermal emission of the Earth is determined, on the
one hand, by the presence of selective- emission /1lines of watef-
vapor, oxygen, and ozone in the microwave range2 on the one
hand, the penetrating ability of microwave radiation provides
quantltatlve information on the structure of the atmosphere,

1 K Ya Kondrat‘yev, and Yu M Timofeyev,‘TermlcheskOyE'zon-

sphere from 3atellites/,. Gldromete01zdat 1970: B. V. Vinogradov
and K. Ya. Kondrat'yev, Kosmlcheskiye metody zemlevedeniya /Space
Methods of Earth Resources Study/, Gidrometeoizdat, 197L.

2 The microwave range includes frequencles from 300 MHz to 300
GHz (radlowave lengths from 1 m to 1 mm).
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bodies of water, and continental cover both in the absence of
cloud cover as well as when complex meteerological conditions
are present.

Meteorogleally, measurements in the microwave range are used

A

for temperature sensing, determining the humidity of the atmo-
Sphere and the moisture reserve of clouds, and detecting zones
of precipitation. It was found possible for hydrolegical pur-
poses to determine the temperature and state of the sea surface,
map the lee cover enviromment, and to estimate varlatlions in

the salinity of water.

Measurement of microwave radiation of continental cover
permits determining the temperature and moisture content of
s0ils and delineating the boundaries of zones of permafrost and
snow thawing. The penetrating ability of microwave radiation
can help provide data on the temperature and state of subsurface
soil layers.

Microwave radiation of the atmosphere and regions of the
Earth's surface can be made from aircraft and from artificial
Earth satellltes. The flrst experiments in measuring radio-
thermal emission of the Earth from space were conducted in the
USSR on the Kosmos-243 artificial Earth satellite /AES/ in
September! 1968 and on the Kosmos-384 AES in December I970.
~ Interpretation of the results of these experiments ylelded

global data on the distribution of the moisture content of the
atmosphere, the moistﬁre reserve of clouds, the limits of ice
fields, the temperatures of bodies of water and continents,
and other data. = - : - J

Further experiments on the radiothermal emlission of the
Earth from space are being develcped in programs of experimental
Earth satellites and space laboratories. For example, experi-
ments on observations of radiothermal emlission of the Earth in
the United States have been conducted on the Nimbus 5 satellite
in the United States, beginning in December 1972.

This moncgraph is an attempt to generalize data on the
radlothermal emission of the Earth in a form accessible to a
wide range of specialists in geophysics, mebeorology, and study
of environmental resources,.

The authors did not strive for an exhaustive presentation
of the status of the problem and deliberately did not present
in c¢lose detail a number of key problems in microwave radiation
studies of the Earth (as, for example, the radlative properties
of films of petroleum and other oils on the sea suriace, study
of the microwave radiation of layers of ozone 1n the atmosphere,
microwave radiative propertles of lce-crystal clouds, and other
areag).
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SYMBOLS USED

A is the polarization vector of the secondary wave
a 1s droplet radius-

m=ﬁ%$ is’.parameter of diffraction at water droplet
BB, B, | are the correlation functions of meteorological

o parameters
B, B,|-is blackbody spectral brighftness

b {(r) is the correlation function of refractive 1index
inhomogeneities
b, is the bulk content of ice in an ice-water mixture

1
C is the air concentration in sea spume
o

¢ 1s tThe speed of light in vacuum
cp 1s heat capacilty
:gfiﬂ is emissivity
E, is the mean energy of thermal radlation in the
time period 7
F (a) is the droplet sige distribution function
f is the frequency of microwave vibrations used
& is front-to-back ratio
g is acceleration due to gravity
j is flare-use factor
Hw is characteristic cloud helght
h 18 characteristic depth in ground, characteristic
height in atmosphere
h is the Planck constant
I 1s rain intensity
Jh is the spectral intensity of radiation flux
k is the Beltzmann constant
—
k==—-|1s wave number
KT is coefficient of thermal conductivity

ﬁp is the polarization factor
H ok H] is the kernel of an integral equation
I, ig the mean distance between layers !

ﬁe ig the penetration depth of electromagnetic wave
in so0lid cover
f_. is length of heat wave

ix



EH ps {y.p 1s wavelength of diurnal heat wave and wavelength
) : of annual. heat wave

£ is thickness of layer

M, is a parameter characterizing the observabillty
of a target

m is the unlt vector of the Secondary electro-
magnetic wave

m is the molsture content of rain

N is the mean number of inhomogeneities per unit
volume

Nm i1s the mean number of layers per unilt depth

n is the real part of a refractive index

n (a) is the number of droplets with radius a per unit
volume
P is atmospheric pressure
P 1s the percentage content of water in soil (on
mass basis)
Q@ 1s the integrated content of vaporous melsture in
the atmosphere
4 is specific molsture content
QH is heat flux
qm is the effective scattering crosgs-section of unit
~volume per unit so0lid angle in the direction m
R Ihfls power reflection coefflcient

‘Rah)ls refilection coeffidenit]for horizontal polarization /8
Ryy) isreflebtion coefficient{for vertical polarization
R ; Rp are reffbétion'coeffinientééﬂsoil and plant cover

r is the radius=vector of a scattering inhomogenelty
s is the salinity of sea water
3 SS is the target area, and area of antenna beam spot
on Earth's surface
T, TO iz the thermodynamic temperature of the envlironment,
b surface or antenna

T s T 5 T, 1s radiobrightness temperature of surface and of
b,v® “b,A> "t -
? ftarget
| Tghﬁis the radiobrightness temperature of the space
a background
T1 a’ Tl are the amplitudes of the first harmonics of the
? diurnal and annual fluctuations in ground surface
temperature

Ta is antenna temperature

u is the frequency spectrum of fluctuations of
brightness temperature

U is voltage at radiometer outlet

v is wind veloecilty
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antenna scattering factor

temperature gradient in air
linear power absorption factor
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loss—-angle tangent 1n a medium
complex dialegtric constant

efficiency of equlpment components

an angle characterizing the direction of
radiation {or of the seecondary incident wave)

the

vertical plane

absorptivity {(blackness factor) J

the
the
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the
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the

imaginary part of the refractive index
wavelength of radiation
Débye relaxation parameter

degree of ice continuity
frequency of radiation 050111at10ns
fraction of an area covered by vegetatlon

density
density of alr

density of water wvapor

density of droplgt liquiad

disperglon cof variocus parameters
statlic conductivity

scattering, and

absorpticon cress sectlons

is optieal thickness (integrated absocrption of
radlation)

is the relaxation time of molecules

is the period of observation during radiometric
reception

is the three~dimensional Fourier ftransform of a
correlation function

is the fractlon of the reflection coefficient asab-

ciated with bulk scattering

is an angle characterizling the dlrection of
radiation in the horizontal plane

are phase discontinuities during scattering and
reflection ' '
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¥ is the deviation from the mean-climatic profile
of moisture content .
£ is a solid angle
o=123] is cycle frequency

xii



TABLE OF CONTENTS

Authors' Abstract

Foreword
Introduction
Symbols Used

Chapter Ohne. Thermal Microwave Radiatlon of
Bodies of Water
1. Quiet water surface
2. Agitated sea surface
3. Surface of bodies of water durlng heavy ses
states
4. Bodies of water in polar regions

Chapter Two. Microwave Radiation of Continental
Cover and Ice Formations

Background of the problem

Model:! of homogeneous cover

Modéls of inhomogenecous cover

Radligtion properties of dry solls

Radiation properties of frozen soils and ice
cover

Radiation properties of wet solls

[ ARG 5 I X U I G I )
. Poe e s e

Chapter Three. Microwave Radiation of Cloud~free

Atmosphere

1. Absorption spectrum of atmosphere in the
wavelength range 4 > 1 mm

2. Region of water vapor resonance A =

3. Radiation in the "window™ around A
and at the wavelength A =>y3 em

4, Reconstruction of temperature and molsture
content prefiles in the atmosphere

1.35 ¢cm
= 0.8 cm

Chapter Four. Microwave Radlation of Cloudy

Atmosphere

1. Characteristics of atmospheric cloud cover
and preclpltation

2. Transport of microwave radiaticn in an inhomo-
geneous atmosphere

3. Spectrum of outgoing microwave radlation

4. Determination of integrated meteorclogical
parameters

xiii

Page

ii1

o7

o7
61

72
T4

91
91

92
98

162



Chapter Four /concluded/
5. Reconstruction of temperature and humidity profiles
when cloud cover is present 108

Chapter Five. Principles of Construction of

Onboard Radiometers 115

1. Formuilation of problem 115

2. Relations between antenna and radiobrightness
temperatures 116

3. Types of radiometer receives, thelr maximum
sensitivity, and accuracy of antenna tempera-

ture measurements ‘ 124
4, Calibration of radiometer, equipment 133
5. Satellite equipment for observing and measuring
microwave radiation of the Earth 143
Chapter 8ix. Results of Measuring Mlcrowave Emission
of the Earth From Space 152
1. Temperature and state of ocean surface 152
2. Variations 1n temperature and characteristics
of state of solid cover : 160
3. Water vapor cpntent in atmosphere over oceans 171
I, Characteristics of clouds and prejcipitation 190
Conclusions 200

xiv



RADIO EMISSION OF THE EARTH AS A PLANET

A. Ye. Basharinov, A. 3. Gurvich, and S. T. Yegorov

CHAPTER ONE /9

THERMAL MICROWAVE RADIATION OF BODIES OF WATER

1. Quiet Water Surface

1-1) Measurement of thermal microwave radiation of bodiles
of water from satellites, aircraft, or from ships is as a rule
carried cut with fafrly narrow-band radicmeters with highly,
directional antennas. The surface of the water lies in the
far zone of the antenna. Under these conditions an examination
of the properties of thermal microwave radiation of a quiet water
surface free of ice can proceed on the basis of Kirchhoff's law,
and to calculated the required absorptivity by using Fresnel's
formulas.

A rigorous derivation of formulas describing thermal micro-
wave radlation from a pldne interface, such as a quiet/water
surface, can be found in /T /. Here we will only present some
general results pertaining fo equilibrium thermal radiation and
show the relaticnship between the intensity of microwave
radiation measured by radiometers (proportional to brightness
temperature) and the parameters of the emitting medlium, and also
the geomebtry of the experimental setup. In the microwave range
the long-wave asymptotdc Planck formuZa -- the Raylelgh-Jeans
law for the spectral brightness BU(T) of a blackbodyl -- can be
used fo high accuracy:

1B, ()= 27 / (1.1)

t‘a

where T is the temperature of the body and the radiation that is
in equllibrium with it; v 1is frequency; k is Boltzmann's constant;
and ¢, is the speed of light in vacuum. Using Kirchhoff's law

1 The thermodynamics of thermal radio lemission is examined in
detall in monographs on radioaStrQnOmy‘(gee; for example: J.
Posy and R. Brasuell, Radioastronomiya /Radicastroncmy/, Moscow,
1958

T
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x::B“V(-T) (1.2)

where E, is the em1881vlty,.w¢ is . the absorptivity of the infter-

facejor blackness factor), we can introduce the concept of
brightness temperature T :
3

[

g
Toyv= B mw (1.3)
which is equal to the temperature of a blackbody that has the /10
brightness .
B.(I) = E(I, )J
After this conversion, we get the followlng relation from
(1.1) for the brightness temperature Ty ,°
3
fomir | (.m
For a plane  interface, j’ﬂu is associlated with the spe-

ccular reflectibn coefficientR, (with respect to power) as follows:

TR _}"] (1.5)

.',_'I'}‘)e—i‘e_ﬂect'io'ri_ coéffj:(}i_éht IRV depends on the polarization of radiation

and for a plane surface can be calculated by the Fresneliformulas

for vertical polarization RWJ and horizontal polarization n
P AN (1.6)
: g, €03 ﬂ--—Vk—-L.llﬂ
- €, —sin* ¢ —cos O
HL»*——\V (1.7)

—— ’
VEV — 2 & - cos &
1

where ¢, is the complex dielectric constant cof water at the

frequency (e = 1 is adoptéd); Pl is the angle between the
normal to the surface and the direction of radiation. The reflec-

tion coefficients / R, and R%;T correspond to two different

polarizations: HRyi 1s the electric vector of a wave parallel
to the plane of ‘incidence, and R,.| is the electric vector

of a wave perpendicular to the plane of incidence. From (1.8
(1.7) it is clear that the thermal radlation of a smooth water
syrface is polarized.

|



. For observations at the nadir when UL"‘O both refliection
coefficlents coinkide:

In the following, if polarizatlion 1is not indicated, the
result pertains to arbitrary polarization.

: - rl/_g:—l
‘H_L,VSH\;.-JZ =
. VEU-;-I

Egs. (1.5)~(1.7) are rigorous for a smooth interface surface,
and the dependence of R,, on frequency obtains only to the extent
that the dielectric constant p depends on € A generalization
of Eq. (1.5) to the case of a rough surface (for example, a wave-
agitated sea) will be examined in the next section.

Referring to the relation between the wavelength or fadiation
A and the freguenecy v:i, K= /v, we can convert from the
frequency distribution of energy B (T) to the wavelength dis-
tribution B. (T)
=5 B.(T). \

Converting to the wavelength distribution, as 1s clear from (1.4) /11
and (1.5), leads only to replacement of the subscript v by A in

the expressions containing the coefficients of absorption jand
reflection, and brightness temperature. Therefore in the

following this conversion will be carried out without special
qualifications.

;"B;, (T)= B.(T)| &

1-2) The dielectric constant of water eh,depends on the

wavelength and also on the temperature and salinity of water.
The dependence on wavelength A and temperature T for fresh water
in the centimeter wave range is described approximately by the
Debye relaxation formula:

) g, E, LAy B, — &g
i’

i €y = & + ]‘W LT‘j_i_(}vs/M':‘ v é 3\ (1.8)

The. parameters appearing in (1. 8): static dielectric ES and "dpf
, tlcal dielectric oon@tant E@ and Debye relaxation parameter. Ag

depend on temperature /2 3/ A detailed listing of data for

fresh water is giVen in /E~7 where the range of tegperature
variation is rrom -8° ¢ (supercooled water) to *+ 40° C and the
wavelength range is from 1 mm to several meters.



The salinlty of sea water can be referred to the centimeter
range by adding to Eq. (1.8) the term

2.’:65 c—}\; , l\

where Cq is the static conductivity of the electrolyte solution.

The presence of a salt dissolved in water changes the

parameters e, and Ag within slight limits. The working dependence

of the parameters Oy AS, a§d € on temperature and salinity 1s
shown in Pigs. 1.1 and 1.2 /5\/.

Fig. 1.3 gives the blacknéss factor of a smooth water surface
for nadir observations as working functions of the temperature
and salinity of water. Presented in the same figure 1s the
brightness ftemperature for four wavelengths asz functions of
water temperature, calculated for the salinity s = 35 per mil.
From the data given in Fig. 1.3 it 1s clear that these functions
have a complex ccurse, caused by the dependence of the dielectric
properties cof water on temperature. The dependence of Tb 3\ ©

sallnlty3w1th1n the limlts of possible variations of Sallnlty is
weak, which can be seen from Fig. 1.4. . Therefore the determina-
tion of salinity from radiation measurements in several wave-
lengths 1s Impossible in principle, but in practlce 1s an
extremely complicated problem 1ln the centimeter wavelength range.

Te investligate variations in radiation intensity in several
cases one must know the behavior of the derivative aTb}wTE) '

which characterizes the sensitivity of radiobrightness to
temperature changes. Fig. 1.5 presents the dependence of 63,,0Tj

on Wavelength Xfcalculated in /6 / It is not difficult to see
that in order to determine the thermal characteristies for nadir /12
observations, the wavelength range A = 5-10 cm in which

reaches a maximum I1s optimal.

1-3) The distribution of temperatures of the quiet surface
of the Caspian Sea was measured from alrcraft in 1964 /7 / at the
wavelength A = 8.5 cm. A prototype of a future satellite
radiometer was used here. To reduce the measurement error
associated with the tie-in of the radiometer to the absolute
scale of radiobrigntness temperatures, a reference point with
known bxrightness {the area of Neftyanyye Kamny) was used in /7 /,
where the water temperature was measured by direct methods. The
water temperatures were reconstructed from measurements of the
inerements of The brightness temperatures relative to the
reference point. According to the flight conditions, the
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Fig. 1.3. Blackness factor /5 /

(a) and brightness temperature

of water (b) as functions of
temperature and wavelength

l. Fresh water

2. Sea water

measurements were nct taken during heavy storms. Also, the use
of a relatively dong wavelength and nadir obse¢rvations, as will
be shown in Section 2, virtually precluded the effect of'actiye
sea states and changes in the blackness factor of the surface
due to spume on the reconstruction of the water temperature.

Fig. 1.6 presents one of the temperature profiles obtalned in
this study.

More detailed investlgations were made of the surface
temperature of the Caspian Sea in /B8 /. Fig. 1.7 presents a

~~
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map of the su¥face temperatures of the Casplan Sea obtained in

the period from 9 to 19 December 1965. 4An estimate of the

accuracy of these measures can be obtalned by comparing remote
measurements of “emperatures from the aircraft and direct measure- /15
ments from a ship at points close to the aircraft route (Fig. 1.8).
The root mean square deviation of the aircraft and shipboard data
on the surface temperature was 0.8 K. Measurements of the water
temperature from the alrcraft made it possible in a short time
(several days) to obtain a complete thermal pattern of the sur-
face, which made it possible to analyze the relationship between
the distribution of temperatures at the sea surface and the
synoptic situation in December 1965 in the area of the Caspian Sea.

Several results of measurements of the water surface tempera-
ture on Lake Ladoga and the Caspian Seg made in 1966 by a tech-
nigque analogous to that described in /7_/ are given in /9 _/.

It should be noted that fhe thickness of the layer in which
thermal microwave radiation is formed 1s determined by the value
of the imaginary part of the refractive index V5=? ] .

Calculation for the centimetfer range gives.the result.sthat /g
varies for water wilthin the range 12-25 /5 / " Therefore, a layer
thickness of rnﬁzn/represents a fraction of the radiation wave-

length in the medium.
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2.  Agitated Sea Surface

2¢1) In actual condi-
tions, the surface of bedies

e — are virtually always present
AN YA on a water surface. For a
Fgnr/ v , roughizsurface, which an
v : ' agitated sea surface, in

7 o 2 K7 L. to refine the concept of

of water are very infreguently
quigt. Waves of some intensity

5 particular, is, it is required

' blackness factor th In spite

Fig. 1.8. Comparison of direct
megsurements of sea surface
temperature (1) and results of
remobe sensing (2) /87

of the fact that Xirchhoff's
law (1.2) 1s valid only in
the approximation of geo-

the ratloc of radiatilon wave-
length's to the dimensions of inhomogeneities tends to zero, Eq.
(1.5) and. the concept of the power reflection factor RA are

generallzed also to the case of a rough interface. Followlng
/1 7, it can be shown that for a rough interface Egs. (1.4) and

(1. 5) are valid & we assume that‘,RA’refefs toc the fraction of

the power that i1s dissipated in the upper hemisphere when the

mebrical opties, that is, when



secondary plane electromagnetic wave propagating in the direction
of the observation impinges at the interface. Since in the theory
developed in /1 / the reciprocity theorem 1s used, pclarization

off the secondary wave. must identical to the polarizatiocon of the
thermal radiation receilved. The secondary plane wave 1s neces-
sary only for the calculation of scattering, and its introduction
makes 1t possible to reduce the problem of thermal radiation to
the problem of the electrodynamic theory of diffraction, and

most importantly, makes it possible to employ approximate methods
of diffraction theory.

A rigorous solution to the problem of reflection at a
stochastically rough surface is extremely complicated /lD/
Therefore in problems associated with thermal radio emlsblon, _
one is usually limited to applying the Kirchhoff metheds /11-16/,
assuming that the reflected fleld can be calculated in the - - /16
geometrical-optical approximation’basedion Fresnel's formulas !

from each surface element, by replacing it with a tangent plane.

The power reflection factor RA. is then found by adding the
reflected waves.

A sufficiently large radius of curvature R of the roughnesses
is the condition for the applicability of Kirchhoff's method for
calculating reflection /10/:

\ :
=L Reos® 8 31,

(1.9)

where ﬂlis the angle between the local normal to the surface and
the directlion of the indldent secondary wave.

This condition is satisfied for large ocean waves and not
overly large angles ﬁj however, for small waves of the ripple
type, it appears doubtful that this condition is satisfied. To
gldestep this difficulty, sometimes /16/ in calculations a
distinction is made between major roughnesses, for which condition
(1.9) is satisfied, and fine roughnesses, which are considered
individually. Naturally, this approach is scomewhat arbitrary.

Measurements /17/ conducted at the frequencies 1.41, 8.36,
and 19.34 GHz showed that in high winds (up to 14 m/sec) the
frequency dependence of both brightness temperature and polari-
zation characteristics differs significantly from the calculated
function obtained by Kirchhoff's method for an agitated surface.
Without precluding the effect of spume that can occur during
these observations, one can also advance the assumption that - |
diffraction effects appeared in the experiment reported in /I77



2-2) For the case when elther the cobservational period is
much longer than the period of the sea waves or else the charac-
teristic dimension of. the region from which the radiatlon is
received is much larger than the length of the sea waves, one
must calculate the mean value of the brightness temperature,
taking the stochastle nature of the slopes into account.

The stochdsticity of these slopes 1s described by the
probability distribution for the direction of the local normal.
In many calculations use is made of the distribution obtained by
Cox and Munk in /I8/ from‘an interpretatlon of measurements of
sunlight reflected from ocean surface. This description is near-
Gaussian and contains two characteristic parameters: dilspersion
of slcopes gi and g§ across ) and along the wind, respectively.

Slope dispersions are associated with wind velocity v (m/sec) as
follows:

g2 = 0,003 + 1,92.40% -+ 0.002/
3.

g2 = 16-107% £ 0,004.

The Cox-Munk distributlion was obtained from observations
in visible 'light, whose wavelength differs by four to five orders
from radio waves and no serious substantiation was given for its
application to calculations in the radiofrequency range, espes /17
cially at large angles of incidence. Also, thils dlstribution {
evidently describes‘a developed (steady-state) wind-driven seas,
which is not uniquely possible., Therefore for model cailculations
use is made of a Gaussian distribution, or a distribution corre-
sponding to purely trochoidal waves, or else more complicated
distributions /20/.

However, the slope dispersion 1s usually small and therefore,
whatever the slope distribution is taken as the basis for calcu-
lating the radiation, the result of calculating the mean radiation
of the surface will be determined by the second moments of the
distribution: by the dispersion of slopes in the perpendicular
planes and by the correlation of slopes in these planes. It 1s
precisely these parameters that can be determined as character-
isties of the actlve sea states from observatlons of radiation
in the microwave range from satellites.

2-3) Quite obvicusly, the results of calculating the
radiation of the agitated surface depend on a large number of
parameters: angle of incldence, polarization, position of the
plane of incldence relative to the general direction of the
propagation of waves, nature of active sea states, and so on,

In order to have an idea of the order of magnitude of the
variation in surface radiatlion due to the active sea states, let
us examine a simplified scheme.
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Referrlng to the results of calculations of reflection from
an agitated tsurface /117, it can be assumed that to the surface
radiation is added both radlation of the atmospheric layer between
the surface and the detector as. well as the specularly reflected
radiation of the entire atmosphere. Therefore, for the brightness
temperature at the wavelength A when observations are taken from
the gltitude z at the angleé&{to the normal, the following
expression can be written: -

7 {7}
I — 1z s T_(Z}-—‘t"(:') dr ,
T, =Tof1~ Ridexp | e S r@exp|— 2] L)y
13

cos

+ I, exP

1 dr)(z)
CS T(Z eXP{ .(_,ng}j cos & 7 o (1_10)

oS 1‘)

Here TR(Z) is the integrated attenuation:

) = {neds, /

where T and T{z') is the water temperature and air temperature;
Y3 (z') 1s the linear absorptlon coefficlent at the altitude z'.

Figs. 1.9 and 1.10 present the results of ecalculation of
Tb )\ @8 2 function of the incident angleidl, wind velocity v,

polarlzatlon, and wind direction relative to the plane of 1nci-
denee. The calculations were made for the aititude z = 1 km and wéiﬁ
a cloudfree ‘atmosphere. Fig. 1.11 presents calculations for the
altitude z = 1 km and for satellite observations. Tge calcula-

tlons given in Figs. 1.9-1.11 were made for TO = 2907 K and wave-

fength A= 1.55 cm, for which dTb A/dT is near-zero (see Fig.
1.5). ?

First, we should note the weak effect of active sea states /19
on radiation for nadir observations., This faet, along with the -
use of detectors with clrcular antenna polarization (which, as
it is not difficult to show, leads to the additional attenuation
of the effect of active sea states), made 1t possible to deter-
mine the sea surface temperature during the flights described in
/T, 8/ At the ang;lesrﬁ]~ 50° for vertical polarization, the
effect of active sea states on radiation from the system ocean-
atmosphere 1s alsoc small. gor horizontal polarization, in con-
trast, at the angles ﬁ‘~ 507 there is. a marked lncrease in the
brightness tenperature when the. active sea states become more
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Fig. 1.9. Brightness tempera- Fig. 1.10. Brightness ftem-
ture of agitated sea surface perature of agitated surface
as function of observation J as function of cobservation
angle i,# and wind velocity v angle W at wind velocity v =
for horizontal polarization = 15 m/sec for vertical 1}
/127 : polarization !

1. Observation along wind

2. Across§ wind g

3. Quiet surface /12/

intense, that is, with increase in the dispersion of the angles
of the surface slope. From Fig, 1.11 1t 1s g¢lear that the
rotation of the plane of incidence by 90° (for the Cox-Munk
slope distribution) radiation changes only slightly. Changing
the observation altitude when the sky is clear leads virtually
only to an additive increment.

Waves on the surface of a body of water lead to a change in
the degree of radiation polarization /19/ Fig. 1.12 presents
the results of calenlating the polarization factor

Is‘fp(w:i.u-‘_"l-_?-_,/

TN T

(#:2} 1s the blackness factor for horizontal polarization and
x")] iz the blackness factor for vertical polarization) as a

“function of the - ineident angle and the root mean square. value
of the slope angles gg and gy for one- dimenSLOnal actlve sea
2
).

J‘states (g = O) and two- dlmen51onal active zea states (g gy

13
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From these figures it 1is clear
that appreciable depolarization
ocecurs only. for sufficiently
large angles 9.

In spite of the extremely
approximate nature of the cal-
culations, from them we can

! conclude that measurements of
radiation at angles close to
the nadir and observations for

| :
% 120 Py p scale different polarizations at angles

T = LA ‘0 lof the order of 50° in the

| 9z ¢ & & 4 2 My w/sec aggregate can yield information /20
T : - ! on both the sea surface tempera-

Fig. 1.11. Calculated depen- ture as well as the dispersion

dence of brightness tempera- of the surface slope angles and,

fture Tb Rrat‘SOO observation therefore, the dgg?ee of active

angle and for horizontal measuroments of the seimithal

polarization at the wavelength dependence of the brightness

1.55 cm on wind velocity and

temperature at angles ﬁjof the

:Zigz giv?ggézz ?gi EE:Zif - order of 50° can in principle

- yleld information on the wind
vatlon altitudes z & 1 km and direction or, riore precisely,
z = 30 km in a general direction of the

1. Along wind directlon

e propagation of the waves.

2. Across jwind direction /12/

: . : L
g £ /A g2 . W & B

Fig. 1.12. Polarization due to active sea
states as function of’incident'angle?ﬂ)

g .

b
1.
2.
3

One-dimensional active sea states
Two~dimensional actlve sea states
Quiet sea surface

Root mean sgquare slope 5 T
Root mean square slope 109 /19

o
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Fig. 1.13. Results of measuring Fig. 1.1L4. Frequency spectrum
angular dependence of brightness of brightness temperature fluc-

temperature wal.at wavelength tuations
> . . Observations across
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a. Vertical polarization %Z?graiod;rzggégn of
b. Horizontal polarization: u Obsergatgogs along
%ctive seg states to zcale 2 general direction of
. = wave propagation; scale
+e giigzigtlon /177 tor smooth is normalized to maximum
of uq spectrum

2. For agitated surface
3. Experiment

It should be noted that all the theoretical estimates of
the effect of actlve sea states were made on the assumption that
the active sea states change only the surface geometry. Actually,
waves at a surface given sufficient amplitude or sufficiently
strong wind become unstable, as is well known. Here the crests
of the waves collapse, the tops are swept off by the wind, and
other processes occcur, which lead to the formation of spray and
so~called spume -- an unstable mixture of air and sea water in
different proportions. Spray and spume, whose effect on radio,
emission will be analyzed in the next section, greatly change
the emissivity of the surface and therefore results of calcula-
tion and experimentsl data can be correctly compared only if
there are nhot very active sea states. This restriction will be
examined in greater detaill alsc In the next section.

Pig. 1.13 presents experimental data from measurements of

the angular dependence of radiation at. the wavelength 3.4 cm
taken onboard the research vessel Akademik Kurchatov during the
13th voyage in the Atlantic Ocean during sea states not exceeding

13



scale 3. Also plotted : Mlthlsfsame figure are the calculated
functions taken from /17/ A comparison of c¢alculation and
eXperiment indlcates qualltatlve agreement

2-4) Also of interest is the case when thermal radiation
is 1ntegrated with a recelving antenna from an area much less
than the length of the sea wave and the radiometer time constant
is also small compared with the periocd. of waves at the surface.
Here, at the radiometer outlet, with sultably selected polari-
zation and angle with respect to the horizon, a voltage is
obtained, whose value 1s determined by the instantaneous slope
averaged over the observation area. Measurements under these
conditions permit detalled study of slope statistics.

Fig. 1.1} gives a frequency spectrum of fluetuations in
brightness temperature u(w) obtained from shipboard observations
at an incident angle 50° and observations taken perpendicularly
and parallel to the general direction of wave propagation. The
measurements were recorded in vertlcal polarization at the wave-

~length 2.5 cm with a highly directional antenna and wlth a small

14

radiometer time constant. From Fig. 1.14 it is clear that the
freguency spechbrum of fluctuations in radiocbiiightness temperature
is relatively narrow and has a maximum at the frequency 0.2 Hz,
whieh corresponds to the characteristic wave pericd of 5 sec.
Autocorrelations obtained by processing observations from shore
equivalent to the frequency spectra are given in /19/. The
possibility of remote measurements of slopes (in conditions of
noncollapsing waves) is of undoubted interest to oceanologdical
research. '

3. Surface of Bodies of Water During Heavy Séa States

3-1) Measurements of thermal radiocemission of a sea surface
when the wind is sufficiently strong and active sea states are
present yield a considerable rise in brightness temperature com-
pared to the calculated value. Observations from aircraft at
the wavelength 1.55 cm /21/ showed that regions of the sea
covered with spume have a brightness temperature tens of degrees
higher than follows from the calculation for the agitated surface
free of spume.

The deviations of the results in /21/ from calculation are so
large that the discrepancy cannot be accounted for by diffraction
effects that were not considered. An entirely natural explanation
can be found by considering the change.in the emissivity of the
surface due to spume, spray, and air bubbles in the surface layer
produced when. the stability of large waves 1is disturbed and when
wave crests are swept off by the wind.
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conatant €3 Of water-

alr mizture as a func-

tion of bulk concentra-

tion of alr C /227

Filg. 1.16.
of air-water mixture as a function of
bulk concentration of air C and thick-
negs of mixture layer h /22/

I. A = 10 cm

Blackness factor of layer

1. Reeh I¥. A = 1 cm
Layer thickness h in cm:
TI. Imey 1. 0 5, 1.0
1. A =10 cm 2. 0.01 5. 5.0
2. A= 1 em 3. 0.1
At the present time it has not been possible to make a /22

reliable guantitative analysis of the effect of spume on the
surface emission of bodies of water, since essentlal spume
suchitas relative content of water and air, distri-
bution of bulk content of water.{or alr) across layer thickness
and area, and finally, the actual microstructure of the spume

- formations have been wvirtually uninvestigated.

parameters,

Theoretical models are usually constructed based on schemes

that are far from reality:

finely dispersed mixture /227, and

thin films of water alternating with air interlayers /23/. In
spite of the obvious grossness of these models, they do afford

several qualitative estimates.

A calculation of the dielectric

constant for a flnely dispersed mixture of sea water-alr made
in /22/ is shown 4in Fig. 1.15, while Fig. 1.16 presents a cal-

culated dependence of emissivity at the zenith on thickness h

~
N2

of a plane layer of an air-water mixture lying on the surface
of water, and as a function of the concentration of air in

mixture C for two wavelengths A =

1 em and 10 cm. Noteworthy

is the very strong dependence of the increment in emissivity
on concentration for low concentrations of water in the mixture.
This circumstance is assoclilated with the very large difference

15
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in dielectric properties of water and alr in the centimeter
range. Small oscillatlons that can be noted on some curves

are assocliated with inbterference in the layer of the mixture

and are due to the choice of model. The meost important conclu-
sions from the calculations whose results are presented in Fig.
1,16 is the increase in emissivity nearly to unity with a
relatively thin layer of mixture and a low concentration of water
in the mixture.

For sir-saturated mixtures when 1 - C < 10_2, interference
effects are virtually absent and the emissivity of water covered
with a layer of this mixture can be estimated by the formula
/227

%, = 1 — Be™™,

where 7, 1is the optical fthickness of the mixture, which 1is
proportional to the water content per unit area and inversely
proportional to the square of the wavelength in the centimeter
wavelength range. In Fig. 1.17 is presented the increment of
emissivity at the zenith as a calculated function of the water
content (1 - C) in the mixture for the wavelengths X = 0.8,
1.35, 3.4, and 8.5 e¢m. From this figure it is clear that even

negligible amounts of precipitated water —-- tenths of a milli-
meter and even legss -- strongly change emissivity and this
change is manifested more in the shorter wavelengths. Similar

conclusions can be drawn also from the results of the calcula-
tion in /237, presented in Fig. 1.18 for a model with thin
water films interlain with air.

Practically spezking, spume on the surface of bodies of
water never forms a contlnuous homogeneous layer. Therefore
even for estimational ecalculations one must know the distri-
bution of the mixture as to thickness, concentration, and so
on. This information is lacking at the present time. However,
in the light of the preceding estimates 1t can be anticipated
that when spume is present, there will be an increase 1n
emissivity of the surface, which will be the greater, the
shorter the wavelength., The dependence on wavelength to a
large extent is determined by the distribution ¢f the concen-
tration and thickness of the layers. In the limiting case LY
is proportiocnal to A~2 for low optical thickness 7, <1 of a
mixture on a water surface; for large values of 'Tl, the
dependence of ki, on A 1s weaker.

The effects of scatfering in a water-air mixture by the
surface of bodies of water have been virtually unstudied in
the microwave range and require special consideration. Here
it is appropriate to note that wvisual and phetographic obser-



vations of spume based on the scattering of visible light, /24
whoge wavelength is four to five orders smaller than centimeter

waves can give results markedly differing from microwave
measurements.
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Fig, 1.17. Increment in black- Fig. 1.18. Frequency depen=

ness factor of spume for low dence of increment in black-
concentration of water as a ness factor for the model
function of total moisture given in /23/

content of mixture h (1 - C) 1. Difference in blackness
S22/ factor of a blackbody
The numbers alongside the and of a freewater
figures represent wavelength surface; the numbers

in ecm alongside the curves

give the thickness of
the spume layer in cm

3-2) Since statistical characteristics describing spume
on the ocean surface are determined mainly by the wind and sea
states, study of emission spectra at different angles to the
surface enables us to find a relationship between the sea state
parameters and wind velocity, on the one hand, and radiation
in the miecrowave range -- on the other.

Fig. 1.19 a presents a tracing of radiation (at the wave-
length 2.5 cm) of spume that is produced in the collapse of a
ship's wake. The measurements were taken on shipboard at an
angle of 459 to the horizon, and alternately sections covered
with foam and areas free of foam entered the field of view.

At the moments indicated by the markers on the recording,
photographs were taken of the sectian of the surface from which
the mlefowave radiatlion was measuved. Radiatlon of the foamy
seetion (Fig. 1.19 b) is close to that of a blackbody, while
the section free of spume (Fig. 1.19 ¢) has a brightness that
is less by a factor of 1.5,

17



o R Fig. 1.20 /24/ shows the
P increment in brightness tem-
perature (relative to the
brightness temperature of a
free sea surface) as a function

L) of wind velocity v obtained
| from aircraft observations at
7 se the nadir at the wavelength
/50 ¢ = 1.55 cm. Beginning at some /26

critical velocity v — 6 m/sec,
the brightness temperature
increases roughly linearly
with wind velocity. The crit-
ical veloeity corresponds to
the appearance of "froth" at
wave crests. In /24/ it is
noted that with increase in
the angle of incidence, the
dependence of lightening on
wind velocity i1ntensifies.

A7,
el
20 -
©/o
/.
- /
I 1_.2
7 w20 um/sec

Fig. 1,20. Dependence of
increment of brightness tem-
perature at wavelength A =

Fig. 1.19. Recording of bright- =—l—}-55 gm on wind weleely

ness temperature of foiﬁy ge% % ~ Experimental data
surface at wavelength = 2. '

em (a) and synchronous photo- S KT BRI
graphs of surface with spume
(b) and without spume (c)

The markers 1 and 2 in the
recording (a) correspond to
photographs b and c

Thus, an increase in wind
velocity leading to instability
and the collapsing of wave
crests produces a large rise in
the brightness of bodies of
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Fig. 1.21. Interference Fig. 1.22. Dependence of
beats in airborne measure- brightness temperature on
ments at the wavelength ice continuity /31/

A= 8.5 cm over the freezing
part of the Caspian Sea /7 /

water. This brightening is more appreciable at short wave-
lengths. However, analysis of the relationship between micro-
wave radiation from a foamy sea surface and meteorolegical
conditions such as gea state scale, type of sesa state, and
wind velocity is at its very beginning stage and in order to
more widely utllize thils relatlonshilp for remote sensing of
bodles of water experimental data are needed above all.

L, Bodies of Water in Pclar Regions

4~1) In polar regions, in winter, and in the temperate
latitudes, ice floats on the water surface. The presence of
ice substantially alters the thermal emlssion of bodies of
water. The physical pattern of the formation of radiation
from an lce-water system 1s most graphically traced by looking
at the simplest_case =- a plane sheet of ice floating on the
water surface /25, 2§/. Since the dielectric parameters of
ice are infermediafte in value between those of liquid water and
air and, which is particularly esgsential, attenuation of micro-
wave radiation 1n ice calculated at the wavelength of interest
is small, and in the Intermediate lce layer wave reflected from
the air-ice and ice-water interfaces are subjected toc inter-
fererce.

The presence of loose dry snow reduces reflection from ice,
increases radiobrightness, and reduces the interference effects.
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Conversely, the appearance of wet snow, and especlally a thin
water film on the ice surface, reduces the radiobrightness of
the multilayer system /27/. It should be noted that polariza- /27
tion characteristics of radiation from multilayer systems snow-
ice-water can be calculated for plane-layered models, and the
experiment reported in /28/ provides satisfactory agreement
with the calculation. Model calculations oﬂ layered formations
are discussed in Chapter Two. Density inhomogenelties in the
ice bulk lead to additional scattering and, therefore, to a
reduction in the emission factors. The effect of bulk scattering
is more evident in emission from fresh ice in which there is much
less absorption.

The problem of the effect of bulk scattering /29/ is ana-
lyrzed more closely in Chapter Two.

The high contrast between the emission of water and ice
permits reliable detection of ice on a water surface /T, 30/
During flights over a continuous thin freshly frozen lce,
oscillations of brightness temperature (Fig. 1.21) associated
with the above-described interference effects can be easily
seen in the recording of a radiometer directed 1n the nadir.

4-2) Measurements of radiobrightness of ice contalning
pools of copen water permit estimating ice continuity. If we
let u stand for the continuity of ice in the radicmeter field
of view, then (1 - u) is the relative area occupied by water,
and the radiocbrightness ‘I‘b Mmeasured by the radiometer will
be

P — k) (= ) g, (1.11)

Eq. (1.11) can be used for remote estimation of ice continulty,

since the emission factor of sufficiently thick (more than

several tens of centimeters) sea ice is close to unity, while

water emits much more weakly than ice: (T 0 of water is about /28

90~ 150 K, depending on wavelength (see Flg 1 3). Experlment
/31/ on the synehronous measurement of .1cefield emission at
the wavelength 3.4 cm and icefield photography (for different
degrees of icefield continuity) demonstrated ‘good agreement
with calculation results based on Eq. (1.11) (Fig. 1.22).

The experiments in /327 in which emission of annual and
multiannual icefields was compared indicate a certain relation-
ship between the age of sea ice and its emission factor.
Evidently, the reason for this relationship lies in the differ-
ence bhetween the internal structure of ice density and the
assoeciated bulk scattering.



Scattering by ice density inhomogenelties can be a marked
interference in the estimation of ice continuity based on Eq.
(1.11). As will be shown in the next chapter, measurements
over a fairly broad wavelength range reduce the effect of this
interference. An additional source of interference when ice~
field eontinuity is being determined can be a layer oft water
or wet snow on the ice surface during the warm time of the
year. The presence of these layers, as will be shown below,
severely reduces the emission, which leads to an apparent
reduction in ice continuity. At low temperatures, continuity

data obtained over a wide emission spectrum are quite reliable.

21
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ICHAPTER TWO

MICROWAVE RADIATION OF CONTENENTAL COVER AND ICE FORMATIONS

l. Background of the Problem

The basilc difference bestween radiation of continental cover
and ice formations from radiation of bodies of water is asgsoci-
ated with the sharp difference between thelr electrical proper-
ties. Characteristic of solid cover, especially for dry soils
and ice fields, 18 a much smaller absorptionuof microwave radias-
ticn. Therefore, thermal emission of so0lid cover is formed in
& much thicker near-surface layer than in the case of a water
medium. Here a key rcle begins to be played by both inhomogene-
ities of infternal structure, in particular, inhomogeneities
associated with the distribution of moisture, and by vertical
temperature gradients in the emitting layer. If to this is added
the wide diversity of forms of the air-soil interface and the
presence of all kinds of vegetation, the full complexity of the
pattern of microwave radiation formed by solid cover becomes
evident.

To clarify the role of particular factors affecting micro-
wave radiation of so0lid cover, it is expedient to examine
simplified models in which some particular properties of the
natural formations are sgingled ocut of the entire array of fac-
tors. The following such models are considered in this chapter:

1) a homogeneous medium with a smooth and a rough sufface
with the presence of a vertical temperature gradient;

2) a plane layer in a semi-infinite space;

3) a plane-layered mediwh with random electrical properties
of the layers; and

4) a medium containing scattering inclusions.

Actual natural formations 1n rare instances are electrically
homogeneous media. As a rule, they conslst of different scolid
constituents with disseminated gas bubbles and also contaln water
or ice (in frozen soils). To simplify fhe analysis, fhese com-
plex dielectrics have to be described as homogeneocus by means of
an equivalent complex dielectric constant, which can be estimated
from the theory of binary mixtures /I, 2, 3/. Therefore, the
actual data on the parameters of ice, snow, and also dry, moist,
and frozen soils presented in this chapter have the significance
of equivalent dielectric properties.
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Unfortunately, at the present time these data are 1limited
and their scatter reflects both the divergity of natural proper-
ties of soilis as well as determination errors.

The most geheral approach to the solution of the problem
of s0il emisgion can be obtained on the basis of work done by
8. M. Rytov amd M. L. Levin /L, 5/. In several cascs the appli-
cation of methods of solving emission transport equations Z%?
along with other approximte methods leads to fairly exact
results.

2. Model of Homogeneous! Cover

2-1) The problem of the emission of an electrically homo-
geneous half gpace for the lsothermal case was examined in detail
in the preceding chapter and here the stress will be placed on '
the nonisothermal case when the temperature within the bounds
of the emitting layer changes markedly. But the electrical pro-
pertiss of the medlum descrlbed by 1ts complex refractive index

Va-,_ = ‘n;‘r—;—. l'-f:?.- R (2 .1 )

are assumed invariant within the emitting layer,., The linear
power coefficient of absorptlon 1n fLhe medium le
T ‘

77-:1—"} (2.2)
for weakly absorbing media in &everal cases 1s convenlently ex-
pressed in terms of the loss-angle tangent tg & and the real
part of the refractive index

o= A tg. (2.3)

At the depth

1
lo=—
€Ty

(2.4)

the electromagnetic wave propagating in the dlrectlon normal to
the int erface is attenuated in power by e times. Therefore,
1e cah be assumed eguivalent toc the thickness of the emitting
layer.

The brighftness femperature Tb ﬂﬂ of the natural radiation
of a plane cover-air interface in %he direction 67 is determined
by the following expression:¥ - P

. v N A ‘
Tb,;.w)=[1-—H>.(ﬁ-)1\1-.15 o5 0 T(")“p{ i - (2.5)

where the coefficient of reflection R, (m\ depends on the angle
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and polarization; the angle ¥ \15 assocliated with the angle Y [by
Snell's law: T(h) is the temperature at the depth h. In the iso-
thermal case: T(h) = T. = const and Eg. (2.5) with reference to
Eq. (1.5) converts into Eg. (1.4).

For a smooth surface Ry can be calculated from the PFresnel
formulas (1. 6) and (1.7). TFor a rough surface, the concept.of .
the reflection coefficient can be carried out analogously as for
an agitated sea surface. When the conditions for Rayleigh's cri-
terion (1.9) are satisfied, reflection from surface elements can
be caleculated approximgtely from the formulas of geometrical
optics, by using (1.6) and (1.7)

We note that emlgsion from solid cover, as from a water sur-
face, is appreciably polarized, and polarization attains its
highest value when 9] is close to Brewster's angle.

2-2) Let us examine the features of emission from a nonigo-
thermal homogeneous medium with the example of vertlcal sensing
(that 1s, observations at the nadir) to which & =19'|= 0 corres-
ponds in Egq. {2.5). Con51der1ng that (l - Ry ) = Tl for #=1
we get _ — c e :

T, ., = /;T\l"(h exp{—hh}dh

From (2.6) it follows that Lhe natural emission of & homogeneous

medium with temperature distribution T(h) is equivalent to emis-
gion of an isothermal medium with effective temperature Tb
N . E]

defined as follows:

(2.6)

i

Te A = T'ﬁS T (hyexp{— 1y dh. (2‘7)

The effective temperature depends on both the verticasl proflle
T(h) and the radiation wavelength A

Sp501al interest lies in the changes in temperature w1thi
increaaing depth,associated with periodic fluctuathns in surface
temperature -- the diurnal and seasonal trends, for example. If
the surface temperature variegs according to a harmonic law with

amplitude T; and frequency w,, the temperature T(h,t) at the depth

h at the moment t 1s:

. S e = e L .-
T(h,t)iTav -'1‘F]CXP(_h}II)S]n(mlt-——IE)1/ . (2.8)

. )
where 1, =, App 2n). X is thermal conductivity; c¢_ is heat
h i Cp (O3 h p

capacity; ¢ 1s density;. and T is the mean temperature of the
emitting medium. From (2 8) 1%Vis clear that at the depth h,

temperature varies also according to a harmonic law with perlod



£y = Ew,/\ul and amplitude T, exp f—h/lh)f . From (2.8) it is

clear that 1, is the length of the heat wave atfenuated by e
times in\amp?itude at the depth h = 1. . Substituting (2.8) into

(2.6), we get

| - ) - |

77 " ’ T
\%J:nu_ﬁg+u—ﬂg g I?ymm+®ﬂp ,
e V() (2.9)

! . f 2\
ge=g (1)

From the lipearity (2.6) in temperature it follows that, by ex- /33
panding the diurnal and seasonal temperature changes in a Fourier
series, we can, by using (2.9), calculate the harmeonic components

of the variations in brightness temperatures and the corresponding
shifts in phase ¢ . For the diurnal variations, the characteris-

tic values of the heat wavelength are 1, = 10-40 cm, and for the
seasonal waves 1, =2-8 m. From (2.8) i¥ is clear that the ampli-

tude of radiobrightness falls off with rise in.the Patio 1e/1h

and when 1e/lh‘zaﬁ2, it is less than 30 percent of the amplitude

of the temperature Iluctuations at the surface.

Estimates show that in the centimeter range the radiation
mirrors diurnal fluctuatiocns, while the seasonal variations are
manlifested in the decimeter radio wave range.

The presence of continuously active heat sourcea, which can
be of either natural or artificial origin leads to the manifesta-
tion of temperature fields with the fTemperature gradient
“gmf:—qmp) (2.10)
where g 18 the heat rlux. In the simplest case of a constant
heat flux from depth, g = const, Eg. (£.10) changes into the
equation L o
AT

&~ —qlK..
aR q’*‘} (2.11)

Calculation of Te A in the case of a constant temperature gradi-

2
ent leads to the formula

e

-, . dr,
7€1:=797"mr%:2 (2.12)
where T, is the surface temperature. In the case of the expo-
nential tempsrature profile ﬁ?ﬁ:;j;Jh)ﬂ,qTeXpL—Iﬂ/hﬁ) with
characteristic depth h,, T, = T(h >>hh), T. =T, + AT inte-
gration in Eq. (2.7) yields

O
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L ’ AT hh
75'}'=T°f_i‘ ) byt ) /

The 1imiting cases hh > le and hh < 1e fthus leads, as can be

seen from (2.13) to the ifothermal case T, x~ T, + AT =
. B
= TO and to a small perturbation of the equivalent temperature

To ol AT /1 ).

(2.13)

2-3) Eor g0il with an uneven surface, one can introduce
the concept of the reflection.coefficient analogous to what was
done in Chapter One where we analyzed radiation from an agitated
sea surfacef Characteristic of dry land is much greater surface
roughness than for the sea and therefore its eflfect shows up
stron The surface roughness of land. produces partial (or
total% depolarlzatlon of radiation and deformation of the angle-
brightness functions.

In model degcriptions of refllecticn at stochastically inhomo-
eneoug surfaces, use is made of perturbation theory methods 478“7'53£
for emall shallow 1nhomogene1t1es) and the approximate Kirch-

hoff method /8, 9/ (for large inhomogeneities). In the geometrical-
optics approximation, relatively simple relations can be obtained
by representing large-scale surface irregularities as sets of
randomly oriented area (facets). It is assumed that the number

of facets is sufficiently large and that their reflective proper-
ties are roughly identical. The properties of a surface in the
one-dimensional approximation are determined by the distribution
functlon of the facet orientation angles F(&)dﬁj , where the
angles ﬁ characterlze the deviation of the facet normal from/

the mean normal to the surface.

The angle-brighthess characteristic of the blackness factor
of a surface in the direetionlﬁg , under Kirchhoff's law, is
defined by the relation -

\ R;(ﬁu ’)F(ﬂ’)rh‘)',/ (2.1L)

where  $ pxﬁgdﬂuzi by the normallzatlon condition, anlehxﬁﬂ

, —.152

Pim e

is the power reflectlon COeff101ent with reference fo polariza-
tion. The increase in faéet dispersion smooths the angle-
brightness functions.

3. Models of Inhomogenecus Cover

3-1) A plane layer having thickness 1 and lying in a homogen-
gous half-space is the simplest model of an inhomogeneous structure

284



of cover. In spite of the very high idealization, this model
enables us to examine interference effects manifested, for example,
in the radiation from systems such as 1ce on a water surface,

films of petroleum or petroleum products on a water surface, snow
on gsoil surface, and so on.

A sharp boundary between a layer (or layers) denotes physi-
cally that change in 'mﬁ occurs in some region much smaller than
the wavelength of emission in the medium. If the region of change

&) has a thickness comparable with the wavelength, or longer,
to this structure there corresponds the model of a layered struc-
ture with transitional layers.

Ag will be ghown below, in regular layered structures the
presencescf reflections from boundaries leads to strongly pro-
nounced resonance effects, especially for small values of the
loss-angle tangent in the medium. However, 1in actual conditions
the thickness of the layer (or layers) i1s random, which leads to
the manifestation of gpecific effects, for example, the blurring
of oscillations or the manifestation of correlation of imhomogen-
eitlies when natural objects are under chservation. The propertiss
of a medium with random inhomogeneities willl be examined for
medels of a random layered structfure and a structure with random
three-dimensional inclusions. A1l models of inhomogeneous struc- /35
tures in this section will be sxamined on the azsumpt ion that the
temperature of the entlre system is constant, ifithere will be no
special reservations.

322) Let us look at a plane homogeneous layer of thickness
1l located at the boundary ol a homogeneous medium whose dielectric
properties differ from thd properties of the medium.

To calculate the radiation of this two-layer model in the
direction ¥y, it is sufficient to calculate the power reflection |
Ry of the secondary plane wave corresponding to the polariza-
tion /%, 5/ in the direction 4, . An elementary calculation Zi@7

yields, for the plackness factor of the system| ri{;frifﬁi(}(Where

Ry 1s the total reflection coefficient of the system), the follcw-
ing expresslon:

—_— .

e O Ry exp = 2n)) (- Ay ) N
= " T LT o ; R (2 . 15)
1+ By 4ty 5 BXp (— 27,) VH1 N 2?3  cos [2K] cos {4 @1 - 2]
where Rl \ and R2 N are the COfolCleDtS %f reflection from

the air- layer 1nterface and from the layer-homogeneous medium inter-
lace, respectively; w = mlives¥ 5 + 1s the coelfficient.of &b- ¥
sorpticn in the 1ayer,_the angles n%t;and;ﬂkare assoclated by

25n,

- is the index of refraction in the

Snell's law; k= ;N

A
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layer; and the angles ¢l and ¢2 are the changes in the phase

of the wave upon.reflection from the air-layer interface and the
layer-homogeneous medium interface, which depend onithe polariza-
tion and angle of incidence 9. In calculations based on Eg.
(2.15), it is necessary to allow for the change in the polariza-
tion of the wave upon passage across the layer-air interface.

From Eq. (2.15) it follows that the dependence of ,‘x;_-} on the
paramaeter kl is ogeillaftory in character. This circumgtance is
a congeguence of the Interference befween the direct and reflecied
waves., L. T. Tuchkov /10/ was the first to point to the role of
interference effects in radiatich., From Eg. (2.1%) it is also 1
clear that absorption in the layer smooths out the oscillations.

Eg. {(2.15) was derived for monochromatic radiation. For
radiation in the band L,Ln—ﬂll the blackness factor hqﬁg\ can
be easily calculated by the formula Lo

T ' 1 7+:u T
%?.,A?. =1 K}T S K)dlu
- . - ). -

Fig. 2.1 shows the calculated dependence of the brightness
temperature on layer thickness for a model of a two- er medium
for the cage of narrow-band reception (from data in ng

In Wldebaﬁd reception when AMrj>kfuﬁﬂw the oscilla-
tions are eroded eVenPfor weak absgorption in & layer, and the
emligsivity of a two- layer medium 1ls defined as

R, o — Ry ) '
M — H, exp )1 ¢ 1. ( (2.16)

T TR, A, oxp (2T

In the case when the primary medium has weak emissivity (as, for
example, a water medium), the appearance of an absog@tive layer
leads to a monotenic rise in the blackness factor of the system
with increase in absorption. The dependence of the blackness
factor onuabsorption in the upper layer is shown in Fig. 2.2.

3-3) In nonisothermal cases, the shape of the radiobrightness
temperature spectrum of a layered medlium can have features that
depend on the sign of the temperature gradient in the upper layer.
The effect of change in radlobrlghtness temperature over the
spectrum in the noniscthermal case i assoclated with the micro- =~
wave emission in the upper layer that is depemdent on the fregquency
of absorption.

Examples of integrated-absorption functions of the radiobright--

nesa temperature of a model of a nonisothermal two-layer medium
in conditions of averaging of interference oscillations are shown
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Fig. 2.1. Oscillations of radio-
brightness temperature of a model
of an ice-water medium when there
1s a rise in the thickness of the
ice layer, according to / 7/
(A =10 cm)
T, 5 when y= 15 (nepers/m)
2
. mean value of Tb
Tb y when y = 30 nepers/meter
H

= w o

mean value of Tb
>

in Fig. 2.3. As can be seen in Fig.
temperature of a layered medium, when

conductive, can have either an ascending, or a descending branch,

depending on the sign that the temper

3-4) A model of layered structu
can be uged in a limited number of ca

the transitional layers does not exceed a fourth of a wavelength.

In several cases, the separation of ¢

7 4 V4 F
) L nepers

Fig. 2.2. Dependence of

" blackness factor on absorp-

tion in intermediate layer

in an lsothermal two-laysr
model 4

In the abgence of the layer

» = 90.5; when the layer is

very thick, 5 = 0.9.

2.3, the radiobrightness
the upper layer is poorly

ature gradient has.

res with abrupt gradients
ges, when the thickness of

he layers by abrupt bound-

aries does not occur and satisfactory approximation i§ attained
by using models of layered structures with transitional layers

in which the dielectric constant changesusmoothly over the inter-

val of a wavelength or several wavele
layers with smoothly-varying paramete

ngths. The transitional
rs have a matching effect,

|

/31

leading to a decrease in reflectiong _at the boundaries and a smooth-

ing over of interference effects /11

This model with exponentially va
cf the transiticnal layer was examlne
representative example of a model whe

rying dielectric constant

d by A, I, Kozlov. With the

re there 1is a transitional

e

layer between the upper layer with 7§

[¢5==40 | , A. I. Kozlov founfl that w

transitional layer exceeds a half-wavelength, nearly total absence

of reflections is achieved. In these
properties of the model proved %o be
perties of a half-space with upper-la

ities at The interfaces cause scattering of radiation and lead to

;:31 and a substratum with
hen the thickness of the

conditions, the radiative
close to the radlative pro-
yer parameters. Irregular-
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\Thim r ' spatial variations of the ef-
v fective layer thickness, which
240 is accompanied by the smooth-
ing of the oscillatory struc-
N 230 _ ‘ ture of the radiation field.
Voo . s Thus, for example, in the
qﬂmj 7, 7 5 p = frame of reference of the facet
. - model, a variation in the slope
Fig. 2.3. Dependence of radio- of the facets causes a change
brightness temperature on ab- in the path length and varia-
sorption in intermediate  layer tions in the phase shifts of
in a nonisothermal two-layer the interference ¥vibrations.
model In the calculation, the resul-
RO . tant interference structure
'g,_Juzgmom,hzzmﬁu mugt be averaged over a set
ﬁ Ryp = 0005, Ry — 0.1, of phase shifts.
P8 Te= 200°C; Ty= 270° K;
P B = 008 By =0 The above-analyzed proper-
Tl is the temperature of the ties of regular plane-layered
lower interface of the media are clearly manifested
intermediate layer either in specially prepared
TO ig the surface temperature laboratory specimens, or in

extremely Favorable condiltions
of full-scale experiments., In
natural conditions, the random varlatlons in thickness and dielec-
tric properties of cover.as a rule lead to the blurring of inter-
ference maxima and minima, espedialIy for large spatial averaging.
3-5) Radiation characterlstlcs of' media containing random
innomogeneities of density and composition have features assocl-
ated with the scattering of radiation by these inhomogeneities.
Most so0lid natural formations are stochastically inhomogeneous,
and statistical methods must be resorted te in calculating their
emission. The electrodynamic theory of thermal fluctuations
/%,5/ indicates an approach toward solutlon of the problem of /38
the radiation of a medium with randcom 1mxmpgxmruﬁs {calcula-
tion of active losses of 'a secondary wave incident on the inhomo-
geneous medium. Calculation of active losses reguires in turn
the solutions of the diffraction problem. In the case of an 1so-
thermal medium, it is sufficient to calculate the fraction of
power of the secondary wave scattered by the medium into. the
ambient space. This also necessitates a solution of the problem
of diffraction and determination of the field outside The emlitting
medium. An exact solution in the general case cannot be obtained,
and one must resort to approximate methods. for solution of the
diffraction problems.

Quite obviously, scattering by random inhomogensities in. ]
bulk is {equivalent to an increase 1n the coefficient of reflec—
tion from the boundary of a medium., Therefore, for a medium
containing refractive index lnhomogeneities, -one can write fhe
following expression associatling the brightness temperature Tb,



with the temperature of the medium TO:

pr Toﬂr—(Ra4‘Tﬂl (2.17)
where Ry is the.poefficient of reflection from the medium-air
interface; and 12| is the coefficient describing bulk scattering
and referring to the fraction of power of the secondary wave that
is scattered by bulk inhomogeneifties across the interface into
the ambient space. o

The simplest and most graphic result of calculating Yl\ is
obtained when in the solution of Lhe diffraction problem one must
be limited to single scattering and must use the pbrturbation
method for randomly-inhomogenecus medla ZIE, 137. For simpiicity
of the analysis of the role of bulk effects, the interface of the
medium can be assumed to be plane. In this case, it is possible
o calculats I}& in a fairly general form and investigate indivi-
dual particulal® cases.

3-6) To calculate scattering by the perturbation mefhod it
ig gufficient to know the spectral density of fluctuations of the
real part of the refractive index n, which 1is a Fourier-transform
of the structure function D_ (r) of a random, locally homogeneous
field n(r): ’ e e o

(Dn:)—(nu ")—n(rmﬂ.j

where n{r) is.the value of n at an arbltrary point r. However,
qualitative analysis of the results is simplified ifjone is
limited to examining not locally-homocgeneous, but homogenecus
fields_for which there exist the mean value of the.refractive
index n, the dispersion a #Egtfﬁﬁl , and the correlation
function B : —
)y —7) (e 47y — )
bn( ) - 2 '

Sn

The geometry of bulk scattering is shown in Fig. 2.4,

Supposge that in an inhomogeneous medium the secondary plane /39
ig propagating in the directlion of unlt vector m. Then, as shown
in Zié , the effective gcattering cross section q, per unit volume
per unit s0lid angle in the direction m' is
' _qm(’m, ‘); ZEIc;JiCDn ik--(m — mt’)) Sin_e Y / (2.18 )

where ¢ (p) iz the three-dimensional Fourier transform of the
correlation function b (r); and x 18 the angle between the direc-

tion of polarlzatlon and the vector m', Iﬂ%l !nzlﬁ_i L__anm\

nL”=f°ﬂ%7 Eq. (2. 18) is derived without considering absorption
in the medlum and the refraction fjof the incident secondary wave
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Fig., 2.4. Scheme of bulk
scattering (for the cal-
culation of based on
Eqs. (2.18)-(2.20)

fmo m. m-{ and m' are the

unit vectors of the inci-
dent secondary wave vefracted
inj the medium, scattered inf
the medium, and the wave { °
emitted intc the ampient
space, respectively;

%, 0| and ' are the
angles betwsen the normal
te the surface and the
corresponding unit vectors:

e sin g = n sin &, \ e
L o R

0 /2

i’\;.&in: ﬂ‘.;ii sin 5_] : r)l = 08 ,B,D
|

| —oe 0

at the medium interface.
reference to these factors,

the cross section of scattering
at the depth n (h < 0}, qm(m',h)

of the secondary wave incident
in /
the direction my can be written

st the interface (h = 0)

as

C o cos 1o
m, (', B) = (3 — B0) 05 {)1 ’

+exp {2k hjcos O} g, (m’), } (2 .19 )

between.the normal to the surface

of the mediuvm and the vectors
m and My, By, sin @ = 7 sin 9 )

and

With

where ?ﬁiand 7ﬂo are the angles

* ig the imaginary part of

the refractive index of the medium.

For the power of the secondary

wave backscattegred across the
interface of the emitting medium,
15) can be calculated based on

the fellowing formula: -

S . Ssh1ﬂ”dﬁ”Sdmcosﬁ”(l-—}ﬁd‘x

cos G’

v (2.20)

% exp {2k hicos U} gn, (iR, h),

where “W\ is the angle between vector m' and the normal to the

surface of the medium
cient R')

tion of polarization is determined by the vector

o

T .
n Slllﬁ'”_: Sin 13'”

. The direc-
lm' 14wy,

where A is the direction of polarization of the secondary wave

in the medium.

From the conditions of the applicability of the

perturbation method (that is, the smallness of the scattered

f1eld) it follows that r{]

(2.17??

and parameters of the medium.
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must be small compared with unity.

7) By substituting Tl calcilated by Eq. (2.20) into
one cah analyze the dependence of the radiobrightness off
the scattering medium on the diresction, polarization of radiation,
Carrying out this analysis 1s com-
plicated in the general case, however, one important general con-
eclusion concerning the role of the scales of inhomogenelties making

nf” - The reflection coeffi-
appearing in (2.207) depends on the angle of incidence
and on the polarization of the scattered wave.
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the main contribution to scattering follows directly from (2.20).
One can obtain the estimate of these scales if it is considered
that the scaftering vector k(m - m'), which is the argument of
the spectral density of fluctuatlons 1in the dlelectric constant
in the integral (2.20), varies insabsolute magnitude withiln the
limits

which corresponds to the scales of inhomogeneities from An2nk |to
%@mnﬁlﬁiﬁz—§hﬁﬂwf§?;-ﬂnzﬁﬂl@zfifﬂij From this it is clear

that 1lnhomogeneities with these scales must be regarded as deter-
minative in the analysis of the radiation of a randomly-inhomoc-

geneous medium. »

A graphical result is obtained from (2.20) for a layered-
inhomogensous mediun./ If the layers are elongated in the nori-
zontal direction, the correlation of fluctuations falls off
rapidly in the bulk and slowly along the horizontal. If in
this case the extent of the layers is much greater than the
wavelength, this medium scatters primarily Ain the specular direc-
tion, which makes it possible to approximately calculate the
integrals in (2.20). The calculation leads to the following
results for Tﬂ

T o [ 202 ham '
Vi =200 (TT ) Ix( % cos 6) cos By (1 - Ry)2all (2.21)
for the horizontal polarization and
N F - AU A o
Ty = 27 2 ()7 (557 005 9] cos iy coos? (20)1L — Ao st (2.22)

for the vertical polarization. The parameter 1_ ‘= Max*|  appear-

ing in (2.21) ana (2.22) is the equivalent thickness of the emit-
ting layer. The function V{p) i1s a one-dimensional Fourier, |
transform of the correlaticon function b (r) with respect to the
vertical coordinate. &

From Egs. (2.21), (2.22), and|(2.17) it is clear that the
presence of layered inhomogeneities leads fo additional polariza-
tilon effects.

The results obtained in the theory of random processes /I4/
can be used in calculating the spectra V(p).

Let us exampne by way of example a medium in whicn ;the pro-
perties vary with depth so that in each layer the refractive index
differs from the mean value.by * An, the thickness of each layer Z&l
ig random and. independent of the thicknesses of all the remaining
layers, and the mean thickness of the layer is 1l.. For this

medium ciﬁz(A@ﬂ ~and @’a33=6ﬁﬁf;5”
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1+ 1)‘313

1 In
V(P)r—*? \
In the gimplest case, for observatiéﬂ%lét the nadir.(ﬁ;;ﬂqézqg
the expression for the radiobrightness temperature can be repre-
sented in the following form:

I E
ar(Amyra, ETT {t— 1y
LS (2.23)
¥y {2 18R
=73 d

Tho. = To(1 — ) {1 —

From Eq. (2.23) it is clear that the effect of scattering on the
radiobrightness of the layered medlum 1s manifested most strongly
at the wavelengths uz4nﬂa , while at shorter and longer wave-
lengths the scattering plays a samaller role., This circumstance
has a well-defined physical significance. For the waves with

= Aaily) most strongly evidenced are the resonance effects
examinad above in the model of a two-layer medium; however, owing
to the statistical scatter of the layer thicknesses, the rescnapces
are strongly blurred. For the long waves 4> 41al, | the. inhomo-
geneities are too small, the scattered waves are mu uallyQGan—
celled, and the medium approximates the homogeneous medium in 1%s
scattering properties. A reduction of scattering for short waves
L) mitly) is assoclated with the fact that the equivalent

thickness ‘of the layer 1 = Aame¥ decreases proportionally to

A {if it is assumed that Kﬁ* depends weakly on wavelength) and,
accordingly, the number of scattering layers 1is reduced. Phase
relations for short waves whenllayers are randomly distributed
become random and this leads to incoherent addition of power
ascattered by each interface between layers. -

3-8) For arbitrary inhomogeneities arranged chaotlcally,
nut at distances that are large compared with the wavelength,
the phase relations between the waves scattefed by each inhomo-
genelty do not play a major role and the value of ‘Th| within the
applicablility of single scatfering can be estimated by the follow-
ing formula

Ta= (1 — R2) G L, (2.24)

%
where N is the mean number 'of inhomogeneities per unit. volume;
and ay ig the mean effective diameter of sgcattering of an indi-
vidual 1nhomogeneity in the upper hemilsphere, with reference to
the reflection of the scattered waves from the interface. As an
exariple of estimates of 12| based on Eq. (2.24), let us examine
a finely layered medium with refractlve index n in which layers
having thickness 1 with somewhat different refractive index
n JfﬁﬁfﬁﬁqinLn are dilsseminated. The distance between the layers
I, varies randomly and the variations of this distance AL are iarge: [
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MnAL)j>41- s in addition, L .»# . The cosflficient of re-
fleetlon from each of the layers can be calculated by using
Eq. (2.415) and the Fresnel formulas (1.6) and (1.7)f{ The small-
ness of An/n| makes it possible to assume that the coefficients
of refleotlonffrom the idnterfaces R and R appearing in

1. 2. A
(2.15) are o
1f1,3.=Hg.>.z-‘~’i"'<1 \ (2.25)

By substituting (2.25) in (2.15) and u81ng the smallness of
(Anhﬂ4 » We get the formula ! -- by(neglectlng absorptlon in the
layer’ —f for reflectlon from the layer:

‘h’é-, a-l—{ \’t\‘[l——cos{ﬂnlcoqﬂ + ¢y - (Pz] ‘

.”’[

Since scattering by,!the layer occurs in the directlon of spec-
ular reflection, the mean CDfolClth of reflection of the layer

is i — 1 fmr\
S = }fl—c03£2kn!eocﬁ+cpl+cpz)i
If the variations: Am; do not depend on the layer thickness 1,
[

then we have - .
o1
= ( / El = 005 (2knlcos & 4 @, + @g)].

ER SR

(2.26)

- 1
To calculate gm(2MMcosﬁ)[ we must knew the distribution of
the probabilitises Of the phase thicknesses of the layer knl.
However, for two cases: for short waves when the variations in
the! layer thickness are large, :H77t?ﬂ?:>41] and for

long waves, when ku£<:1q " Eq. {(2.26) can be gimplified. In
the case of short waves, it can be assumed that

‘cos (2Enl cos ¥) << 1, l
and then o VPR =

(2.27)

n

Ren= g ("“"}E, il — [P oos® § >4,

In the case of long waves, by expandingfam(Zhucé§6ﬂ in a series,
we get’ e o

R, =%f1 - } k“nﬂf%os?ﬁ.] (2.28)
By substltutlng (2.27) into (2.24), with reference to the fact
that q;-m(iﬁ.ﬁﬂ-gﬂcgcJ » We get the result that for short
Waves N S
t o [ Am 2 o 1 TAn e le
T';\=—;‘,—(1*“H7‘)'(—;a-) -\c_l '=T(1—R?-)2(‘T) ‘L_’\ (2'29)
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where Nc 1g the mean number of layer per unit depth, equal to

N, = 1/L, L is the mean distance between the Aayers. The cofactor

(1 - Ry )2 takes into account reflection from the cover interface 543
of both incident and sdattered waves. For long waves, [rom (2.24)
and (2.28) we get '

i\r; = *,ir (1 — T)? (i‘-”—'}z Nolekon®l? cos® . (2.30)
i o ..

\R

By substituting (2.29) and (2.30) in (2.17), it is easy to analyze
the frequency dependence of the emission of a finely-layered medium
and to see that this function is analogous to the function analyzed
in the preceding section for a layered-inhomogeneous medium.

The above-analyzed examples involved strongly anisobropic
inhomogeneities; however, the qualitative conclusilons obtained
do not lose their force even for an arbitrary form of inhomo-
genelitieg, including spherically symmetirical inhomogeneities.

It should also be noted that in all cases the effect of bulk
inhomogeneities 1s the greater, the larger the effective depth
1_. Therefore, the inhomogeneity of internal structure must, to
the greatest extent,'affect the émission}of dry soils and, espe-
clally, dry fresh ice floes, firn, snow, and so on. The effect
of the inhomogeneous structure of glaciers on theilr emission
ZE37 will be examined more closely in Chapter Six when we analyze
the results of measurements of radiation over the Antarctic.

4, Radiation Properties of Dry Soils

-1} Dry soils with moisture content to 3 Percent are en-
countered 1n the mid-latitudes and in arid regions of the equa-
torial zone when grounfwater ig at a depth of more than 10 meters
and when vegetation is sparse. Dry soils are widely distributed
in desert and semidesert reglons, in brackish zones, and so on.
Typical forms of scils include sands, clays, gravel beds, loams,
limestone, chalk, dolomite, and others. {

The ph&sical properties of sclls depend on the chemical com-
position and differ markedly 1in the cases of finely dispersed
states (clays), coarsely dispersed states (sands), and moderately
dispersed states (sandy loams and loams).

Moisture strongly affects soil properties (see Section 5).
" _
i
The electrophysical properties of soils are determined by
the complex dielectric constant, specific resistivity, and coef-
ficlent of linear attenuation of radio waves. The dielectric

i
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constant of dry soil depends on soll porosity. The following
relation ig satisfied for silicate rocks ‘

n~1+03p,J (2.31)
where p 1s the density in g/cm3 The valueg of the dielectric
constant and the loss-angle tangents of dry soclls in the micro-
wave range from laboratory measurements Z?y, 16/ are character- /44
" dlzed by the following valueg: for soils of sand and clay the
dielectric constant & = 3-4, the logs-angle tangeﬁt tg & =
= 1072 - 1073, and specific conductivity o, = 107" - 107° (mho/m).

An increase in the conductivity ds observed in solls of clay with
an admixture of iron and aluminum. The minimum. lOSS angles and
the absorption of radio waves occur in sandy soil, where the
linear coefficient of absorption in the microwave range is esti-
mated by the approximation relations

U qaagp _
vmbxm];:—j—[m—l"-, | (2.32)

where p is moisture content in percent

According to the data presented, the blackness factor of dry
solls is about 0.9; the depth of penetration of an electromagnetic
wave in the decimeter range can reach several meters.

U4-2) Heat transfer in soils is determined by thermal conduc-
tivity Ky , heat capacity cp and density p . The heat capacity

of soils is ¢ = 0.15-0.22 cal/deg+g. The thermal conductivity of
compact dry soils with porosity values to N0 percent is (1.5-4)-

-10 -1 cal/ﬁ gsac.deg. When the por031ty is increased to TO percent,
the thermal conductivity drops to 10-2 cal/ﬁ sec-deg. I'rom the
data din ZIZ7: the thermal conductivity of rocks varies in the
range 0.3-1.3 cal/m+sec-deg.

The vertical temperature profile in the surface zone to a
depth of several tensd. of meters is formed under the influence of
internal geothermal gradients and solar thermal fluxes causing
temperature waves. Let us estimate the contribution of the tem-~
perature wave constituents for aifferent electromagnetic wave
penetration depths.

In the actlve layer, the effective s0l1l temperature accord-
ing to (2.9) ean be _represented as

TI d

| NT M‘__-__.__.__...__ i !
Teun sin (wyf -+ @) -+
Vi'-_—)- ‘qéa (2 33)
T .
1a
: _Lf=:=====:mnmm-k¢)+
where w V126,288 : )
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‘ 5
84 2 .
= t.O'(p_"- y a 1
tg @y !+6§ » = '114153

baj= 1./1, 45 6, =1 /11,1 , 3re the ratios of electromagnetic
wave penetration in the diurnal IS annual 1h ., heat wave

harmonics; Tldwand T are the amplitudes of the f'irst harmonics

1a
of the diurnal and annual fluctuaticons in temperature at the sur-
face.

With increase 1n the depth of the horizon being sensed in 545
the active layer, the influence of diprnél temperature fluctua-
tiong diminishes and when Blh a < le we have '

Tla
V 1+ 28, + 22,

Tl (8 Ty &

i (@t + @) + Ang S (2.38)

The contribution of diuprnal fluctuations ;ih q does not excead

20 percent of the temperature fluctuations at the surface. There-
- fore the effective temperature is determined by the mean-diurnal
‘temperature in the selected season of obgervation and can be com-
pared with the mean-monthly temperature,. :

When glh-d <§ 16,

Tty =Ty + A, . (2.35)

Here the effective temperaturé is determined mainly by the mean-
annual temperature.

4-3)} At depths greater than 1 the thermal procesgses ars

determined by geothermal fluxes. fh.a
Geothermzl fluxes are caused by radloactive decay, exothefmal

reactions of the oxidation of sulfide ore formations, . combuStion'[

in coal shafts, and so on. ‘ '

Thus, for example, 1n ore formations containing 1 percent
5yrite, the hegt flux in exothermic resgctiocons 1is about ©.2 cal/
meesec.

From the data of measurements reported in ZE§7; thermal
fluxes in shafts caused by oxidative reactions can have regular
gaeggonal variations. The maximum values of zcnal geothermal
fluxes in the selected sites observed in Z§§7 were 3, 9, and
9-20 cal/mZ-sec.
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TABLE 1. GEOTHERMAL FLUXES AND]GRADIENTS

i i Heat flux, Temperature
Heat sources cal/ﬁg-sec gradient, deg/ﬁ
Interior of the Earth 0.015 0.01-0,05
Weak local sources 0.15-1.5 | 0.1-4.5
Sources of moderate intensity 1.5-15 1-15
Inténse local sources 15 and higher 15-50
Sun 20 -

These heat fluxes are accompanied by marked vertical temper-
ature gradients, whilch determines the possibiﬂity of their record-
ing from microwave radiation.

Estimates of geothermal filuxes and geothermal gradients are
given in Table 1. §

The geothermal gradlent depends on both the intensity of /h6
geothermal sources and on soil thermal conductivity. Therefore,
the range of the gradients listed in Table 1 for different soils
ig found to be larger than the range of flux values.

4-3) Let us sexamine the sgsengitivity of the radiometric method
of determining geothermal gradients.

To measure radiobrightness temperatures, let us select the
region of the emission spectrum for which the effective thickness
of the emitting layer exceeds the penetration depth of diurnal
fluctuations. According to (2 12), the effective temperature of
the layer with temperature linearly varying with depth is deter-
mined by the temperature at depth le

l&zzﬁqgﬁ-\ (2.36)

The difference of the effective temperatures ATE for observa-

tions at two wavelengths Al and ke is proportional fo the diffe-
rence of the penetration depths of the selected waves:

- L T ———

AT, (h, ) Al (2.37)

eA}
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Assuming that in the spectral region selected the loss-~angle tan-
gent does not depend on wavelength, we get the following result,
with reference to (2.36):

Aﬂﬂhur)__xl_-xgii_;;ioé ' (2.38)

Considerlng the relaticon of the radicbrightness and effective tem-

. peratures, we get the following relation, cnh the assumption that

42|

IK) mx;zix;i } - B
gt AI’ 1
Eeria T Gagh '

(2.39)

Relation (2.39) enables us to estimate the sensitivity of the
radiometric method when measurements are made of weak geothermal
gradients. :

Setting Kmong;FEEL:zL?j in (2.39)j we get

ATY o arng (2.40)
et |
Whel’l L_ ‘AT 7mln = O. 5‘3’ and(ll— lg): BOjcm, we get
AT R . .
(47 b 0.3—1 deg/m.. (2.41)

According to these estimates, the microwave radiometric methdd
of estimating geothermal gradients enables us to record thermal
geothermal fluxes whose value exceeds by 20~30 times the mean go-
thermal flux from the Earth's interior. The values of penetra- /87
tion depths of the thermal wave 1, as a function of duration
of the perturbation process for ndénstationary thermal sources are
presented below.

‘At, day [ - '(
1;, m 0,2—0,9  0,6-2,9  1,4—45

As can be seen from these estimates, the lag of the tempera-
ture waves in the ground limits the capabllltles of the radiometric
thermal sensing of nonstatlonary heat sources at great depths.

It should be emphasized that the number c¢f factors determin-
ing the radiation properties of noniscthermal soils (even dry
solls) 1s large. TFor an exact predietion of the radiobrightness
values of various natural soils it i3 necessary to first broadly
investigate their electrophysical properties.



5. Radiation Properties ! of Frozen Soils and Tee Cover

The physical properties of ice cover have a number of features
that determine their specifie radiation properties in the microwave
range. As a rule, ice cover has a well-defined layered character.
Wetting, porosity, and the presence of salt inclusions in }sea
ice strongly affect radiation properties.

The limited volume of mievowave radiometric studies that have
been conducted with ice cover vielded only!{ some characteristic dif-
ferences cof microwave radiation properties of sea, freshwater, and
continental ice formations, examples of which are discussed below.

5-1) The microstructure and properties of freshwater and sesa
ice experience changes dependent on the conditions of formation and
growth. The thickness of multiannual sea /ice can be as much as
several meters. Young sea ice several decimeters thick has high
bulk moisture content and increased salinity. Two-year and multi-
anhula ice more than one and a half meters thick has much lower
molsture content. The upper layers of two-year and multiannual
ice contains inclusions of alr bubbles and dewatered! caverns. The
porosity of the lce is estimated by the bulk gconfent of air. Thus,
lce of moderate porosity contains up to 50 cm3/kg air. When there
is & high degree of porosity, the air content can climb to 200-400

cm3/kg. The breakdown of porosity of ice flelds is manifested in
the form of cracks and open pools of watern.

Continental ice formations (uurface glacters and permafrost)
have multiannual periods of formatlen and range in thickness from
tens of meters to several hundreds of meters. Processes of seasonal /48
transformations are responsible for the layered nature of glacler
structure. In glacier structure can be seen vertical spalling and
eracks covered with a crust of firn and snow. There may be cases
when lenses of sub-lice water have been preserved (taliks, nonmerg-
ing permafrost). The surface of ice formations and permafrost, as
a rule, has a snow cover.

The dlelectric properties of sea and freshwater ice depend on
temperature, degree of wetting, salinity, and porosity of ice samples.
i

Allowing for the effect of wettlng and sallnlty is carrieg
out on the basis of working relatlons for multicomponent formations.
For example, in determining the complex dielectric constant of wetted
freshwater ice, the Wlener Wagner relatlon / 2 7 can be used:

wie 1 e,

EW_i_-":‘“ - Tw B{ +u (1HB‘“)’ (2.)'\[2)
where € e s and & are the dlelectric constants of wet ice,

water, an% dry icey bespectlvely, Bw l1s the bulk content of water

in the wet ice; and u is the shape factor (2 = u = 10). b3
3



Table 2 lists the calculated data according to [19] on the
absorption index of wetted freshwater ice.

TABLE 2. DEPENDENCE OF ABSORPTION INDEX OF FRESHWATER
IcE & - 101 ON WAVELENGTH X AND PERCENTAGE (BY WEIGHT)
WATER CONTENT $ PERCENT AT 0° C

7% B, %
A, O %, cm
hes o8 1.2 1,6 N4 08 1,3 1,6
0,86 13,4 F 21,7 | 30,0 | 38,3 11,0 5.9 | 6,7 | 7u4 | But
32, 7.7 1 10,2 1 12,7 | 15,2 17,0 57 | 8.1 | 6,61 7.4

Experimental data [20] show the marked dependence of the ab-
sorption index on temperature, When the temperature was lowered
from 0 to -10° C, the absorption index fell by 3-4 times; over the
-10 to 50° C temperature interval there was an additional drop
of 1.5-2 times.

The dependence of the absorption index on ice density'has a
roughly linear trend.

Abscorpticn rises with increase in the salinity of ice. The
experimental data reported in [21, 22] show that at the wavelength
of about 80 c¢m the abserption coefficient rises from 13/db/m to 37
db/m when the ice salinity 1s changed from 3 to 13 percent. :
- The data in Table 2 show that in the absence of"‘wétting‘g/q
the | linear coefficient of attenuation in fresh ice does not ex—
ceed the values gilven by the estimational formula

ey dan 2.1
77[111“]:_{%t*g5<\% (2.”»3)

For salt sea ice, the absorptioﬁ coefficients rise to 20-26 db/m
in the decimeter range and reach 34-35 db/m in the centimeter
range.

The dielectric constant of nonwetted ice weakly depends on
temperature (n = 3); in conditions of wetting, the dielectric
constant can increase somewhat. The thermal conductlivity of ice
is characterized by values of 1-1C cal/m-sec-deg.

The dielectric constants of continental glaciers are similar

to the properties of freshwater ice and depend on density, poro-
sity, and molisture content.
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Absorption in frozen solls varies over a wide range, depend-
Ing on the nature of the soil and its temperature. From the -1
data in [23], the specific conductivity of frozen soils is (10 -

10-2) mho/m.

5-2) Models calculations of microwave radiation characteris-
tics of sea and freshwater ice show that the blackness factor for
homogeneous layers of annual and multiannual ice is 0.9~0.95. For
young ice, at thicknesses that are smaller than the depth &8f pene-
tration of the electromagnetic wave, the dependences of the black-
ness factor and the polarization coefficient on thickness can be
cscillatory.

Internal scattering of emlssion by air inclusions and inhomo-
geneities causes a reduction in the blackness factor in the short-
wave part of the centimeter and millimeter ranges. Thus, for
porous 1lce with a 200 cm3/kg ailr inclusionscontent, when the mean
dlameter of an air bubble is 1-3 mm, testimates of the scattering
effect show that in the wavelength range 2-0.5 cm the scattering
effect can ecause a 10-20 percent reduction in the blackness fac-
tor.

Microwave radiation characteristics of contdnental gkaciers
{blackness factor, coefficient of pelarization of radiation) de-
pend on the dielectric constant of the material, the homogeneity
of the glacier structure, the thickness of the snow cover, and the
molsture content. The appearance of vertical cracks and spalling
i1s reflected in the trend of the elevation-brightness characteris-
tics.

Structural characteristics are found in shelf icedforming
in the sliding of continentdZi ice into littoral waters and ,
reaching thicknesses of several tens of meters. The porous struc-
ture of shelf ice promotes the formation of vertical capillaries,
due to which moélsture can find its way up 1nto the upper horizons.

The microwave radliation characteristics of shelf glaclers /50
have anomalously low values of the blackness factor in the centi-
meter range. These characteristics are discussed in Chapter 3ix.

During experimental studies of the microwave radiation charac-—
teristics of sea and freshwater ice, osclllatory functions of the
radiobrightness temperature, dependent on ice thickness were ob-
tained I['7, 24], along with radiobrightness spectra and the polar-
ization characteristlcs of microwave radiation [25].

Fig. 2.5 presents an example of the oseéfllatory dependence
of radlobrightness temperature on sea ice thickness, derived for
observations on Dikson island [24].
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: Tb A

Zﬁ_ . e From data of experimen
l 7 mental oscillatory depen-
& - _ dences of the blackness
295 ; factor on the thickness of
' sk 25 sea ice in [24], the dielec~-
| sk tric constant and the ab#o
P L sorption coefficlent of
0 2 4§ 8 R A Lem the ice layer were deter-
- o mined. From measurements
Fig. 2.5. Oscillations of radio- at the 30 cm wavelength,
hebrightness temperature with growth the following estimates
in ice thickness 1 for sea ice were bbtained: né = 3-4
with salinity 11 peremill (depending on the salinity
I - N = 30 em of the water); the coeffi-
II ~- Al = 50 cm after Faoli] cient of absorption
1 -- experimental data Y[ [= 12-17 db/m (for 10
2 -- smoothed function em thick ice) and yf =

= 6-8.6 kg/m (for 10-20 cm
thick ice). The absorption coefficient was reduced to y/ = 1-2
db/m for annual ice.

Measurements of the elevation-brightness characteristics of
the emission of ice cover [24] in vertical and horizontal polariza-
tions showed the marked effect of temperature and surface state
of the ice layer on the coefficient of polafization of microwave
radiation.

Measurements of the spectrum of radiobrightness temperatures
of annual and multiannual ice in the wavelength range 4 mm to 21
cm {26, 271 showed the characteristicudifferences in the shape of
the radiobrightness temperature spectrum in the cases of thin ice,
thick annual ice layers, and multiannual ice. Thus, for thin
young lee, In accordance with the theoretical conception of the
effect of the absorbing layer, the blackness factor 1s reduced
with increase iIn wavelength. PFor thick annual ice, the blackness
factor proved to be independent of wavelength. In the case of
multiannual ice, the blackness factor was obgerved to rise with
increase in wavelength. This spectral dependence of the black- /51
ness factor in multiannual ice 1s accounted for by the effect of ~
internal scattering in the inhomogeneous and porous upper layers
of the ice that increases with shortening of the wavelength,

Observations of the radiobrightness temperature of glaciers
and permafrost soils in the wavelength range for which the depth
of penetration is commensurable with the depth of penetration of
the diurnal and seasonal temperature waves furnish estimates of
the mean-diurnal and mean-monthly temperatures at the glacier
surface (examples are glven in Chapter Six) if here the possible
scattering by inhomogeneous structures is taken into account.
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The blackness factor of continental glaciers, like that of
multiannual ice, has a tendency to decrease in the short-wave part
of the centimeter and millimeter ranges.

5-3) A marked effect on the radiation properties of solls 1is
found for snow cover. The density of snow cover, a mixture of iee
and air, can vary over a wide range: 0.02-0.6 g/cm3, depending on
the time of snowfall and the layer bedding depth. Newly fallen
s?ow undergoes compaction and forms firns with density 0.4-0.6
g/cm3 ..

fhe dielectric properties of snow cover are determined by
the properties of the mixture of ice and water. ® working rela-
tionship from the theory of binary mixtures 1s of the form [19]

2Bi Bk'-A-N,J (2'!-”4)

where 51 is the hbulk content of ice; u is the shape factor
(2= u = 10). The effect of snow cover temperature and density
on the dilelectric constant is illustrated below hy examples.

Values of the absorption index of snow as a function of
“density and temperature after F19] are shown in Table 3.

TABLE 3. CALCULATED VALUES OF k- 10" FOR SNOW

WITH VARIOUS DENSITY AND TEMPERATURE VALUES

] T, =C
5 g ,/cm”.3
) 6 —10 [ —18
|
! 0,03 0,416 0,143 el
i1 0,138 0,047 0,035

The dependenceccf the absorption index of snow on density 1s
near-linear. The effect of temperature is of the same kind as
in the case of #cewcover. The effect of the degree of wetting /52
on the absorption index of snow can be seen from the experimental
data in [19] obtained at the wavelength A = 10 cm when the snow
density p was 0.4 g/cm3.

[ % 0

0,4 1.0 1.6
w108 5,2 26,2 T4 134,0
(Y 7-107F 0,3 0,9 1,6

Yy}



Analysis of the working relations and the above-presented data
shows that the penetration depth of microwave-range radio waves in
snow cover as a function of the density and moisture content of snow
can vary from a single to several tens of meters. The dlelectric
constant depends weakly on temperature and can vary with changes
in snow density and moisture content from 1.5 to 8-10. The thermal
conductlivity of snow is estimated, according to [28], by the empi-
rical relation

th'_vﬂ,TTr'pa/ cal/m-deg-sec . (2.45)

Soils covered with snow layers can have marked differences
between the temperature of the sod® beneath the snow and the tem-
perature of the near-ground air layer owing to the low thermal
conductivity of the snow cover. The difference between the temper-
atures of the soil and the near-earth air layer shows up 1In the
trend of the deperidence of the radicbrightness temperature on
wavelength and snow cover thickness. In experimental studles at

o . _ the wavelengths 0.8, 2,2,
 Tlp and 6 cm, the dependence
[ of radiobrightness tempera-
T ture on snow cover thick-
ness, as shown in Fig.
2.6 based on the data in
[29], was observed.

The nature of the

resulting dependence of
3 the blackness factor can
woz ﬂ,.ﬂkmz be accounted for by the

Fe B/ET: inclusion of the effect
of bulk scattering (mani-
fested at the wavelength
0.8 em) and the tempera- !}
ture gradient in the snow

Filg. 2.6.. Experimental dependence
of radiobrightness temperature of
soll on snow cover thickness [29]

1 ~- 4 =6 cm
2 -= A = 2.2 cm cover.
3 -—— A = 0.8 cm

Snow moisture content /53
strongly affects the black-
ness factor, experimentally
confirmed in [29, 30J].

These calculated and experlimental data on the microwave radi-
ation propertles of frozen solls and 1ce formations indicatelthe
fundamental potentialities of microwave sensing for acqiisition
of geophysical data, as for example:

1) estimates of the margins and integrity of ice fields;
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2) estimates of thickness of sea and freshwater ice by an
interference technique;

3} difference between annual and multiannual ice from the
shape of the microwave radiation spectrum;

1) estimates of the thickness of the snow cover, temperature |
of s0il beneath snow, and climatological temperature characteris-
ties; and

5) determination of the margins of the ice thawlng zone.

To incréﬁse the reliability of the data obtained, it is neces-

sary to bring in the results of sensing in the vislble and infra-
red radiation bands.

6. Radiation Properties of Wet Soils

Soll molsture contalned in soll capillaries has a marked ef-
fect on microwavevradlation properties of solls. An increase in
soil moisture content can occur through seasonal wetting or through
a rise in the groundwater level. The equilibrium level of moisture
content is determined mainly by the processes of infiltration,
condensation of water vapor, and evaporation. Excess soll water
percolates into the water-impermeable layer and forms a perched
water table, lying at the level of several meters from the surface,
as well as ground water.

The paper [31] points to a correlation between so0il moisture
content and karst phenomensa.

6-1) The complex dielectric constant of wet solls is deter-
mined by the Wiener -Wagner relatlon for binary mixtures and de-

SS'—'i ~ OS gw__

_1_( )58b41

EST“ _p__— 8‘w+“’ i , bb+u’ (2-”‘6)
where €_, &, and £y are the dielectric constants of wet soil,

base, and water, respectively; p, (1 - p) are the values of the
mass content of constituents; and u 1s the shape factor.

According to experimental data, the real and imaginary pabts
of the dielectric constant in the range of varlations in moisture
content from a few to Several tenss of percent can be approximated
by linear functions. Thus, the value of the real part of the di-
electric constant for sandy and clayey soils can be represented /54
in the form T

e (D) = ey + iy, (2.47)
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where the coefficient kp& depends on the nature and size of soll

particles. The derivative of the dependence of the dielectric
constant on moisture content (2.47) is somewhat increased with
increase 1n wavelength.

Thus, in the centimeter range an approximation of the exper-
imental data in [16] gives the estlmate

Fps, = 0,55 = 0,57. \

In the decimeter range a similar approximation ylelds the estimate

.Ap, = 0,52

-= in the case of sand

and

%m-—ij -— 1In the case of c¢clay.

The dependence of the absorption coefficient for radiowaves
in the microwave range on moisture content in sandy soil obtained
in [16] can be approxlmated;ln the form

Thbhmcz—%%%$£, (2.48)

where p  is the soil moisture content in percent.

6-2) These approximational dependences of the dielectric con-
gtant of soils on the degree of wetting make it possible to repre-
gent the dependence of the blackness factor and the polarization
coefficient of radiatlion on molsture content.

When observations are made in the vertical direction, the
relation for the blackness factor 1s of the form

' i V%u wp—4 4V}m+kmp (2.49)
Y? (P) — 1= ]/g:——ﬁ_—!—l ]/—__..—_____ " .
" prP g0+ kyp+1)
When wr+kmﬁ)?ﬁ 8, Eq. (2.49) can be expressed approxi-

mately by the function

. (p) = 7 (2.50)

t—— e ——
B0+ kppp + 1

Fig. 2.7 presents the dependences of cover blackness factor
on moisture content typical of the centlmeter range for vertical
sighting. An estimate of the derlvatlve of the blackness factor
on molsture is AwﬁAp~4 0. 13 percent, which corresponds to
the derilvative of the radiobrightness temperature
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" AT 1 .
: Aal:z3v—4fdeg/percent.
P

) . Experimental data of soil
[ . : . _ radlobrightness at the wave-
x4 length of approximately 21 cm
' as a function of molsture con-
tegt [27] are shown in Fig.
2.4d. .

/55
3}_-_—

s I . i | . | .
}f 'fa 2 Y E 82 B From averaged datay, the
quantity ‘ﬁTb/‘gﬁzz\ 2.5 deg/per-

Flg. 2.7. <Calculated dependence of ¢éent, which is somewhat smaller
blackness fattor on moisture con- }than the value of this quantity
tent of soil Withdut plant cover based on calculated estimates.
1l -- sand ol —- clay The scatter of experimental
data shows that the effective

‘ Q error of the moisture content
estimate in the experiment was about 3 percent. The calculated
dependence of the polarization coefficient on soil moistiuke content
i1s shown in Fig. 2.9.

6-3) These calculated dependences of the blackness factor of
goll on the moisture content of the surface layer and avallable
experimental data can be used for estimates of the sensitivity and
accuracy of the radiometric method of measuring the moisture con-
tent. To estimate the sensltivity of the radiometric method,
let us use the estimates of the derlvative of the radicbrightness
temperature with respect to moisture content. With reference to
the reduced values ATb/Ap = 2-4 deg/percent, we get the result that

the sensitivity of the radiometric moisture meters for exposed
solils is about 1 percent.

In estimates of the accuracy of radiometric determinations |

_ moisture content, we must make allowance ﬁor methodological errors
assoclated with the effect of the size of soil particles, chemical /56
impurities, and vegetation. -

Comparative experimental data on estimates of soil moisture
content by means of contact measurements of specific conductivity
and radiometric estimates at the wavelength 10 cm based on data |
in [32] are shown in Table 4.

Analysis of the calculated estimates in Table U4 and experi-~
mental data given in Flg. 2.8 can enable us to estimate the accu-
racy of radiometric measurements of soil moisture in the deci-
meter range.



5
T

. Fa % | { i .
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Fig. 2.8. Dependence of radio- Fig. 2.9. Dependence of pola-
hbkightness temperature on soil rization coefficient of micro-
moisture content at wavelength wave radiation of soil on

21 cm according to [27] molsture content at a sighting
1 -- experimental data angle of 60° with respect to

2 =-~- smoothed function the vertical

TABLE 4. ESTIMATE OF SGLL MOISTURE CONTENT ﬁ,
PERCENT

Method of Determination Dry Soil Wet Soil

From conductivity measure- 5 15
ments

Radiometric estimates 2 10

Radiation characteristics of séils contalning perched water
table, ground water, and layers of increased moisture content at
a shallow depth have a dlstingulshimg feature in the form of a drop
in the blackness factor in the decimeter range.

Results of model calculations of the blackness factor of a
layered medium conslsting of a sand layer with moistire to 3 per-

cent and thickness 1 , beneath which lies a layer of water, are
presented below { A = 100 em):
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These estimates show that the presence of layers of subsurface
water can lead to a marked drop in the blackness factor of soll
at the depths at which the water layer lies in the horizongz22lihm
from the surface.

The potentialities of detecting groundwater by the radiometric
approach are determined by the minimum discernable contrast in
radiobrightness temperature. Setting the threshold value of the
radiobrightness contrast ‘ﬁTmin = 1° K, we get the result that
the estimate of the depth at which groundwater can be detected
from measurements in the decimeter range is 2-4 m.

6-4) The effect of plant cover has a screening action and
lowers the contrast of the radlobrightness of soll expanses.
estimate the effect of plant cover, let us examine a model in
which the cover parameters include the cocefficient of reflection
from the cover, attenuation {in ﬁhe cover layer, and the fraction
of the soll area covered by vegetation. The blackness factor of /57
the soll covered by vegetation is estimated by the relation

To

# (0= Ry (=B 4 (1 — Ry o)2(1— oy 4 (2.51)
- ('1 — Rl — Rp) e,

where Rs and Rp are the coefficlents of reflection of open soil

and plant cover, respectively; ¢ is the fraction of the area
covered by vegetation; and 7; 1s the integrated attenuation] in
the cover layer, dependent on wavelength.

Absorption of radio waves in plant cover has the most marked
screening effect &n short-wave part of the microwave range, where
the contrasts caused by the effect of moisture can be completetdy
smoothed over. Experimental data characterlzing the screening
actlon of plant cover are presented in [27] (see also Section 2,
Chapter Six).
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CHAPTER THREE

MICROWAVE RADIATION OF CLOUD-FREE ATMOSPHERE

1.  Absorption Spectrum of Atmosphere in the Wavelength Range
A > 1 mm

Water vapor and molecular oxygen are the main absorbing
constituents, The remaining gases with polar molecules (ozone,
oxides of nitrogen, and carbon dioxide) are at very low concen-
trations in the atmosphere, which along with the low intensities
of the absorption lines, ylelds; a negligible total contribution
to total absorption. A highly detailed review /1 / of theoretical
results and experimental data obviate the necessity of returning
in this chapter to examining individual studies on the absorption
of mlcerowave radiation in atmospheric gases. In this secticon we
will 1limit ourselves only to presenting the main results and indi-
cate simple formulas suitable for practical estimational caleculations.

1-1) The water molecule in the microwave range can be
simulated by a rigid asymmetric gyroscope with dipole moment

1.8”'10_18 CG3E. The spectrum of the natural frequencies of

this system contains a very large number of transitlons occurring
in the wavelength band W > 10 fm. At waves longer than one milli-
meter there are twce lines with resonances at ﬁx= 1.35 cm and‘A =

= 0.164 ¢cm. However, the major contribution to absorption is
given by the wings of the intense lines belonging to the submilli-
meter band.

In a limited band of wavelengths, or far from the resonance
of the intense lines c¢r, in contrast, in the neighborhood of the
intense line resonance, in calculating the coefficient of the
absorpticn of water vapor molecules YM it is convenlent to use

approximate formulas, which considerably simpl%fy calculations.
We can use the following formula

— -V-Ai‘ T e 7‘; :_ o 41 —i. i '0_; 3‘1::2»—:2197 i 7‘:‘;;:‘;2"53
Tx\(db/km) = 1'003' 100[) v—x‘a— '7—_'3: [e T —p T ] b
b Av,ro PP ca g gt P
X R - 4465 10°A T (3.1)

[0,5476 — 27| 3—4( ) P

o
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can be used for the wavelength range 0.4 c¢cm <€ A< 3 ém. In this
formula the first term describes the resonance absorption at the
wavelength 1.35 em, and the second -- the contribution made by
the wings of the high~frequency lines;

Awle, = 0,084 (P/760) (T/300y % [ orp=L

3

Av iz the line half-width; )N is wavelength in cm; T is temperature
in OK; P is pressure in mm Hg; and Py is molsture content of air /60

in g/m3; This formula gives an error not greater than 3 percent
compared with the exact guantum-mechanical calculation in this
wavelength range.

Besides absorption by lsolated water vapor molecules, marked
absorption by dimers -- short-llived molecules (H20)2 -— can

exist in the atmosphere. In the wavelength band 0.8-3 cm, the
following approximational function is valid for absorption by
dimers:

Tl db/km) = 3,36-10 5% (9/7.5) (T/318y ™ (3.2)

Eq. (3.2) does not contaln resonance terms, since the dimer
resonances can. berrétodvedndnlytatrpressurel B 51U50mmnigEg, :that
is, at the altltudes where the water vapor content in the Farth's
atmosphere and the contribution made by the dimers is virtually
absent.

Fig. 3.1 gives the results of the calculatlon of the total
absorption coefficient (one-dimensional and two-dimensional) in
water vapor under standard condifions. Fig. 3.2 presents
calculated values of the absorption coefficient at the altitudes
3, 10, and 20 km for the standard atmosphers /2_/.

Water vapcr is a variable constituent 6f the Earth's atmo-
sphere. Its content varies widely with temperature and altitude.
Analysis of emission #n the region of the resonances 0.164 cm
and especially 1.35 cm 1s presently attracting interest owing
to advances made in remote sensing of molsture content in the
atmosphere.

1-2) Absorption of microwave radiation by molecular oxygen
is associlated with the magnetic moment of the O%ig mclecule. The

system of absorption lines is associated with the quantum transi-
tions corresponding to the fine structure of the molecular spectrum.



In the transitions corresponding to absorption or emission 1n the
microwave range, the projection of the magnetic moment of the mole-
cule in the direction of its rotaticnal moment changes. This
mechanism of transitions leads.  to a group of closely-lylng, quite
intense lines centered about ﬂ,= 0.5 cm, and one of these transi-
tlens gives an isolated line at 0.25 cm.

For the wavelength range A= 0.B-3 cm outside the molecular
cxygen absorption band, use can be made of the following approxi-
mate formula for calculating absorption in oxygen:

T>==C#“T%#db/km , (3.3)

in which the coefficient CM i1s a slowly-varying function of

wavelength: C, g = 0.662, C; o = 0.328, C, 5 = 0.131, and

03 0= 0.108. The dependence of Cklon the wavelength is shown in

Flgo 3.3. Eg. (3.3) is suitable at 300 mm Hg € P ¢ 760 mm Hg, and
2507 K € T € 310° XK; here it gives an error less than 3-4 percent.
Outside this range of temperatures and pressures, and also at
shorter wavelengths absorption in oxygen becomes so faint

(< 0.1 db/km} that in estimational calculations as a Pfule 1t can /61
be neglected. However, it should be noted that the problem of
absorption in oxygen at the wavelength A _» 10 cm at the present
time has not been adequately studied /1 /. Though molecular
absorpticn at long wavelengths is very small and extremely diffi-
cult to measure, this prcblem 1s of interest both for the
theoretical study of intermolecular interaction as well as for

a number of subtle radicastronomical studies.

At wavelengths ﬂ < 0.8 cm, when absorption in molecular
oxygen 1s calculated, one must takewlnto account the entire
system of lines belonging to the 0.5 c¢m absorption band. At sea
level individual lines cannot be resolved and the dependence of
absorption on wavelength is of the form shown in Fig. 3.14.
Individual lines can be resolved, beginning at altitudes z = 20 km
(Fig. 3.5). Absorption in the region of the line Al= 0.25 cm as
a function of altitude is shown in Fig. 3.6. .

Oxygen lines are caused by the magnetic moment of the mole- 6l
cule and in the terrestrial magnetic field undergo Zeeman splitting.
Calculations of the Zeeman effect /3, 47 show that it is of the
order of 1-2 MHz in the fterrestrial field and is manifested only
at altitudes greater than 50 km. A map of the lines at these
altitudes is complicated and depends on the orientation of the
magnetic field with respect to the orientation 6f the propagation
of mlerowave radiation and its polarization. Flg. 3.7 shows the
splitting of one of the intense lines -abt altitudes of 50, 70, and

90 km.
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Fig. 3.1. Dependence Fig. 3.2. Dependence Fig. 3.3. Calculated
of abscprption coeffi- of absorption coeffi- coefflclent C4; for
¢lent in water vapor c¢ilent in water vapor Ea. (3.3) o

on wavelengbth under on wavelength at

standard conditions various altitudes

/1 /7 for the standard
P = 760 mm Hg atmosphere /1T 7
T = 2930 K 3 1. 2z = 3ikm
py = 7.5 g/m 2. =z = 10 km

= 20 km

3. %

The percentage content of molecular oxygen in the atmosphere
is virtually constant all the way to the altitudes 85-90 km.
Therefore from the emission of molecular oxygen in the 0.5 cm
band and the 0.25 cm absorption band it is possible to determine
the vertical profiles of temperature 1in the atmosphere.

1-3) Total absorption in the atmosphere at pressures close
to normal is made up of absorption in oxygen and water vapor. In
Fig. 3.8 is shown the total calculated absorption in the atmosphere
under standard conditions. Also plotted in this figure are_the /65
experimental results of various authors systematized in /1 _/,
shown by points.

Resonances of the admixture gases O N.0, and CO were not

3* 72

scanned at high pressures at low altitudes. With a reduction in
pressure, as the altitude 1s 1ncreased the lines are narrowed,
abgsorption in the "wiridows" between oxygen resonance and water
vapor resonance becomes less, and resonances of the admixture gases
show up in these windows. IFig. 3.9, which presents the calculated
apsorption for a standard atmospheric model for the altitude 20 km
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1. Calculation by the Van- Fleck—
Weiskopf formulas

2. By the kinetic equation in /1

3. Experimental data in /1 /
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Pig. 3.6. Contour of oxygen
absorption line A 0.25
/cm/ for standard atmosphere
71/

Symbols are the same as 1n
Fig. 3.5.

has already been developed. The
in the resonance of this line as

0.5 cm oxygen absorption
band at different alti-
fudes for standard
atmosphere /1 /

/ 1. =z = 3 km
2. z = 10 km
3. z = 20 km

is an illustration of the fairly
compllicated absorption situation
in the atmosphere at high alti-
tudes. AT the present time
there are data indlcating fthat
absorption in admixture gases
can be detected by radiocastro-
nomical methods /5 /.

2, Region of Water Vapcr Resonance

A=_1.35 cm

Interest in the 1.35 em
gbascorption line is due to the
fact that this line lies in the
wavelength range in which fairly
sensitive equipment with high
gspectral resolution necessary
for scanning lines by frequency
optical thickness of the atmosphere
a rule does not exceed unity, and
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Fig. 3.7. Zeeman effect of oxygen Fig. 3.8. Total absorption

line in atmosphere under standard
Right =- observation along mag- condlitions

netic field, leit -- across 1. Experimental data_ _
magnetic field 2. Calculated data /l /

1. Contour of line in absence
of magnetic field /3 /

therefore the atmosphere can assume to be semitransparent. In
addition, absorption at the wavelength 1.35 cm 1s weak in clouds,
which opens up the possibility of determining the water wvapor
content in the atmosphere when the cloud cover 1s present /3 /.
Measuring the emission spectrum in the vicinity of the resonarice
makes it possible to '‘determine the water vapor content at high
altitudes /7, 8 ’

Of greatest interest at the present time 1s the determination
of water vapor parameters in the lower atmospheric layers -- down
to the level P > 200-300 mbar. Conslderable advances have been
achieved here /6, 9-17/.

2-1) ZEnowing the vertical distribution of the pressure,

temperature, and moisture content by altitude, it is not difficult

to calculate the emission of the atmosphere in the vicinlty of the
1.35 cm resonancé. However, owing to the diversity of the atmo-
spheric conditions, caleculations of individual emission spectra




are not of high interest. Since
the vertical profiles -- distri-
bution of temperature T (z) and
molsture content pv(z) by alti-

tude z -- can be considered as
a random function, the values
of the optical depthnes:,

Hyl ' -

§ z)db[ (3.14)

03 T

and the brightness temperature
(for zenilth observations)

05 gp
Ho||Mo0 ' - oo TET o
CToye = 1(2) T (2)exp [m Va2 d;'] dz - Tp, g™ K
L U ,‘ -_— - - D B
S T ST T ) R
g z 4 & & 7 el (3.5)
a r g e e CHAT ) (yhere T, p 1s the brightness
2
temperature of the outer space
Filg. 3.9. Total absorption of background) are random functionals.
atmosphere at altifude 20 km The mean value and the root-mean--/66
(calculated for standard atmo- ‘square deviation are the simplest
sphere) characteristics of these func-
1, 2. Envelopes of maxima tionals. The meaning and signi-
and minima of 0.5 cm ficédnce of the mean values are
oxXxygen band /l / obvious; the roct-mean-square

valueg give a quantitative

characteristic of the natural
variability of absorption and emission. The mean values sre asso-
ciated malnly with geographical and climatical tie-ins and are
stable characteristics of an extensive region, latitude, season,
and sc on. The root-mean-square values describe the effect of
random variablility of meteorological conditions and are particularily
valuable for a quantitative estimatlon of tpe effect of weather on
microwave radiation foreconstantEge@graphlcalaandccl&matlc factors

To estimate the mean and recot-mean-sgquare values, it is
convenlent to use the mean values of meteorological parameters and
correlation matrices of temperature and molsture content 118/.

For calculations associated with the atmosphere, it is desirable,
in computing the intervals (3.4) and (3.5) to convert from altitude
to pressure, by using the condition for static equilibrium in the
atmosphere: :

dp = f_-;)agaz {
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(where p, 1s the density of air at the altitude z; g 1s acceleration
due to gravity) and to cthert'ffom‘abﬁolUtezmoiSture'content Py
to specific moisture content g = ,pv/pa.

Based on the natural assumption that variations in temperature

6T(z) and specific moisture content 63 (z) are small, we can write
equations for the mean values of optical depth %i:

13
= = py dap
T":,S} TP APy P (3.6)
and brightness temperature&Tb'Af
3.
T ( K dr dp’
J al "oz » e[
Ty PSDT(P nlT () 2P) Plexp|— }S,““-‘”P ),c_;(P),_P]pag}pag ’ (3.7)
Here the variationsfaﬁl and 6T, , can be written as
: I ar - (3.8)
51*-—5{74‘””)) s Gromo) AR
D'o . 1P dP
8Ty = \exp{— \ T (P) s {T(P) D sq(p)—
Py o T
P
——T(P)?(P)S%a (P +7, (P)oT (P) -+
B, .
P
SN
+ TP “( )6T(IJ)—T(P)T;( P )r“sT(P)-——}
o F
whete =1 T (P) =1 n (), 7 (P), PL.
. (3.9)

To estimate the root-mean-square values, 1t 1s necessary that /67
Eqs. (3.8) and (3.9) be raised to the second power and averaged. ‘
Here in the expressions

(( :))= " (T \
there appear the following correlations:

By (PP =7 (P)-0q (P,

By (P', Py = 8T (P") 8T (P)).

"B, (PP = 8q(P1) 8T (P")

GU



A listing of empirical values of Bﬁa"BTT? and BQ;T‘obtalned from

multi-annual radiosonde data can be found in /18/.

TABLE 5. MEAN VALUES AND VARIATIONS OF OPTICAL DEPTH
o - AND BRIGHTNESS TEMPERATURE .

+ ~Station co- | Time of | - lyv=i=s . =l Q.
' ordinates meas.’ edb | V&R Ty K-Vwrbl)gcn1
N. W.

C47°lat. [t0Slong|July 00" 0,75 | 0,22 49,4 8.7 | 2,49
47 101 janm 00 agm | 0,00 14,7 5.5 | 0,67 -

‘53 35 Tuly - 12" a2 | o024 39,5 12 | 2,04

{53 35 - 00% 025 | o4 18,9 7,7 | 0,92

‘35 48 " 00" 0,38 0,21 50,0 8,0 | 2,58
45 41 "o 059 | 0,2 49,9 11,6 | 2,66
53 36 too- 007 048 | 0,24 30,8 11,4 | 1,59
63 33 ! 00" 0,42 1 0,19 28,2 9,8 | 1,44

“As an example, Table 5 gives the estimates of the values
Hfbﬁ-fm (57Bw]ﬂvﬂand (IR
in /18/ for the characteristic conditicons of continental (the
first two rows) and oceanic stations, for winter and for summer,
in the vicinity of the 1.35 cm resonance, Striking is the lact
that the varlations in coptical depth as well as in brightness
temperature are clese to each other in order of magnitude at the
different latitudes in the oceanic and continental conditions,
in summer and winter, for different integrated content Q of water
~in the atmosphere. o

calculated in /197 from the data given

The values of the wvafiatlions 1in brightrness temperature llsted
in Table 5 are a natural measure of the accuracy in formulating
the requirements on the equipment. Actually, if the error of
megsurements 1s mfbmﬁyq . then these measurements have little, /68

to give compared w1th aprlorl estimates obtalned from mean-climatioc
data.

The effect of cloud cover or precipitation was not considered
in the calculations of the data listed in Table 5. An examination
of atmospheric emission when clouds are present 1s given in the
next chapter, and here we will limit ourselves to the remark that
cloud cover over the ocean introduces an additional absorption
and increases both the mean brightness temperature as well as its
" variations. ‘



It is shown in Zig7gthat the dependence of the mean brightness
temperature on the mean amount of precipitable water Q = fpvdz is

closely approximated by a straight line (Fig. 3.10) with slope
19.1° K/g em—2.. The possibllity of a linear approximationisw. a
consequence of the small .optlcal depth of the atmosphere (even
in the viecilnity of the 1.35 cm resonance). and the fact that the
ratio Tﬂ/pv varies with altitude much more slowly than does Py

(see /1 /).

In Fig. 3.11 /9 7 is presented the spectrum of radio emission
descending at an angle 309 to the horizon in the viecinity of the
l 35 /em/ resonance, calculated for the near-Earth temperature

= 3000 K, pressure PO = 760 mm Hg, temperature profile T (z) =
= TO - [,z {(where I, = Go/km), and exponential distribution of
water vapor with the characteristic altitude 2.2 km.

Since the #BgemiHEng emission in the neighborhood éf the
1.35 cem resonance is determined mainly by the amount of preci-
pitable water, there is the possibility of determining the
parameter Q from radiometric measurements of absorption Tm.
Considering this low variation in T*/pv with altitude, Eq. (3.4)

~
(o)

can be written as follows:

T2 (%)

ri-Q‘__.S Ts 12) ps(‘)dz““rplo (3.10)

To calculate (3.10), use was made of the theorem of the mean and
Wﬁ\is none other than Tﬂ(pv at some point z. Strictly speaking,

7i\is a functional, dependent on the distribution of temperature

and moisture content in the atmosphere, and also on_the wavelength
of the radiation. However, detailed calculations /lO/ showed that
we can select a wavelength k\such that the coefficlents ﬂfmchange

little (by not more than 5 percent) within the limits of a very
extensive region and are stable with respect to changes in
meteorologlcal gonditions. Thus, for example, for N= 1,3 cm,
Ty = 0. 24 ap'em?-g-1 for the content and ¥y = 0.27 db: seme - g=l for
the ocean.

Determinations of 4 were made based on measurements of T*\
iTl—lﬂ? over land and over Séa.seﬁefe[TA was determined by scanning

emission byiangleés. This technique’£297-makes it possible to
avoid measuring'absolute'values of brightness temperatures, but
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Fig. 3.10. Dependence of bright- Fig. 3.11. Spectrum of bright-
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on water vapor lntegral Q atmosphere for observation at
Vertical lines are the root-mean- local angle 309
square deviations/I19/ Numbers alongside curves are
- the values of the near-Earth 3
molsture content Py, in g/em
/5 7 Va0

requires considerable time and relies on the assumption that the
atmosphere is horizontally uniform. These measurements give the
total opfical depth of water vapor and oxygen, however the latter
is small and can be considered on the basis of the standard
atmospheric model in the interpretation of experimental data.

Fig. 3.12 is a correlation plot of the measurement of Q by
radlometric and standard aerclogical methods /21/ in the area of
the city of Gor'kiy. Measurements over a wide range of @ values
agree well with each other. The technique of defermining Q from
absorptioen has found wide application in measurements onboard
ships in the Atlantic Ocean /I3, 14/.

Determinations of Q from measurements of Tb A in the viecinity

of N = 1.35 em from the Earth have also given results that are
close to those obtained by radiosonde. Fig. 3.13. glves the
results of calculations and measurements of brightness temperature

Ty i and of @ /15/, which also #ndicates good agreement of experi-
, ndi

mental and calculated data. In /157 the following empirical
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formula is suggested for the calculation of Q, g/cm2 based on
measurements. of brightness temperature Tb *

@ = 0,056 %, — 0.16.

It should be noted that the coefficient 0.056 g° cm / K agrees
closely with the equivalent coefficient caleulated in /197 based

on mean data: (19.1° K/g'em”2)"1 = 0.052.

Determlinations of @ from brightness temperature measurements
and from measurements of the elevation gradient of brightness
temperature £l§7 also give results that agree satisfactorily
Wwith aerological measurements.

~
o

In /167, the problem of an objectlve measure of the value of
the radiometric determination of Q 1s discussed, in relation to
the fact that there is a correlation between the precipitable

water @ and the near-Earth moisture content ;% o Measurements
' ]

in LT§7 during the summer over a period of a month 1n the central
region of the European part of the Soviet Union showed that
actually there is an extremely close relationship between Q and

pV o (Fig. 3.14). However, measurements over the Atlantic Ocean

gave a much greater scatter in an analogous plot (Fig. 3% 15) 1t

1s noted in /21/ that the coefficient of correlation between Py o
’

and.-Q can drop to 0.2. At the present time further investigations
must be conducted to establish objJective cecriteria for estimating
the accuracy of ground ra@iometric data, which can appreciably
inerease the information’ on the content of water vapor in the
atmosphere.

2-2) Outgoing emission in the neighborhood of the 1.35 em
resonance enables us to obtaln reliable information on the moisture
content in a cloud-free atmosphere over oceans. This becomes
obvious when we analyze the equation for the outgoling emission
for nadir observations (%= 0):|

(==

Tb;,zmTﬂe ?+§ 1.(2)T z}exp{ g )dz’}dz+
0 z

=

+ (=) n@ T @ exp{— {1 @) d2'} dz. (3.11)
1}

0

Fig. 3.16 presents the dependence of three terms of this equation
on precipitable water /157 and Fig. 3.17 gilves the experimental
dependence of T \on precipitable water over a quilet sea /15/
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From these figures it is clear that the emission of the atmosphere
and its reflection makes a marked contribution to the tétal
radlation flux and has a near-linear dependence of T on Q

b, A
for the gtandard atmospheric model.. It should be stressed that an
increase in the water vapor mass, generally colder than sea water,
Increases the outgoing emission. This is associated with the fact

that iea water readily reflects and poorly emlts in the microwave
rangel,

Emisgsion of continental cover examined in the preceding
chapter is much more intense than emission from bodies of water
and is marked by greater variegation. Therefore over continents
the third term (reflected radiation) in Eg. (3.11) becomes small,
and the isolation of the effect cf the second term (atmospheric
radiation) agalnst the background of the first (emission of the
surface attenuated by the atmosphere) is a complicated problem.

/71
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Fig. 3.12. Experimental data Fig. 3.13. Dependence of
on the determination of Q by brightness temperature in
radiometric method from the the region of the 1.35 cm
Earth (Q_ ) and by radiosonde resonahce on wabter vapor
) /El% content.
(QM == 1. Experimental data_

2. Calculated data /15/

Fig. 3.18 presents the dependence of brightness temperature /72
over oceans as a function of loecal latitude for observations at T
the nadlr. The standard atmospheric model was used in calculating
this curve. Varlations of brightness temperature from polar to

1 In the infrared band, where in contrast{refléction fromm sea water
is weak, ah 1ncrease in absorption in the atmosphere reduces the
outgoing emission.

. 69]



707

|
!] g g/ cm®
47

{ -
|
\a
‘! 7 - I E
- g 7 Poo
Fig. 3.14. Correlation between

@ and near-Earth molsture con-
tent p over land /16/
V,0 ==
! :
W %,"il K . ’

Jf 00 -
|

%
i

1

I 2

Fig, 3.16. Components of out-

going radiation in neighborhood

of 1.35 cm water vapor resonance

as a function of @

1. Emission of water surface
attenuated by atmosphere

2. Atmospheric radlation

3. Atmospheric radiliation _
reflected from surface él 7/

| ]
4 4 g/’cm2

¢, gl o
5
- - -
4 s
.1:-. S
Tt .
-.;. )
R < B,
3 ..,?v.
. R ?.‘
| . ﬂ?%ﬁﬁ
Z L -:.u'..
U i | 1 i
Vi 7 20 25 E7
C &b
Fig. 3.15. Comparison of Q

with driven pressure of water
vapor e  over ocean /14/

. sl
|
}'3 . o°°

/A °

o
< (s ]
fqﬂ . o !
» F4
l .:z?ﬁ S s T
‘ 2 3 4ggem

g /

Fig.'3.27.° Experimental
measurements (1) of radlation
in the water vapor resonance
from alrcraft and calculated
data (2) ZIE/



Fig. 3.18.

T

W7

Vol
LR/

by ¥

g

94 |-

b

74

47

2§ X W Wy
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tribution made by emission of
water vapor dimers at wave-

length X\ = 1.35 cm as a func-
tion of geographlcal latitude

1.

2.

figures

Caleculation based on Eq.
(3.1

As above, congidering

dimers according to Eq.
(3.2)

Calculgtion based on Eq.
(3.1), but with one and
a half times greater
nonresonance term

As above, with reference
to dimers according to
Bq. (3.2) /22/
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Mg, 3 19, Brightness tempera-

ture of outgoing radiation in
neighborhood of 1.35 cm reso-
nance as a function of Q
(caleculation based on radio-
sonde data)

Line is the regression lilne

—

egquatorial latitudes at this
wavelength (1.35 cm) are due

to changes in the water vapor
content. Also given in this
figure are the data from the
calculation of the effect of
water vVapor dimers on radiaticon
in the neighborhood of the 1,35
cm resonance /22/. As can be
seen from the data given in this

the addition of the dimer absorption is equivalent to a

one and a hall times inerease in the nonresonance term that takes

into account monomeric absorption of water wvapor.

Dimeric

absorption has virtually no effect on the outgolng radiation over
the entire globe.

going radiation at the wavelength X =

In Fig. 3.10 is glven the calculated dependence of the out-

1.35 em on &, obtained from

actual soundings at different polnts of the globe ove® the ocean.

This function,
line T =

caleculated for

#=10,] is close to the straight
127 + 18 Q and was used in interpreting the satellite

measurements of Q descerilibed 1n Chapter Six.
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3. Radiation in the "Window" Around XN = 0.8 om and at the Wave-
'1engthfiT313”cm : a

The "window" at around A = .0.8 cm is located between the
resonances of water vapor N = 1.35 em and molecular oxygen A, =
= 0.5 ‘em.  Absorptlon in this window 1s egually determined by
OoXygen and water vapor. At the cutoff of the centimeter range,

the atmosphere is quife transparent: the optical depth 1}kvaries

from 0.06 1in the polar regions with low water vapor content to
0.14 in the equatorlal latitudes, where the content of precipi-
table water can rise to 5 g/cm2.

Major interest in the investigation of radiation at A= 0.8
em 1s assoclated, in particular, with the facet that at the short-
wave cutoff of the centimefer band there is a marked rise in
absorption in c¢louds and a stronger dependence of the emission
of the water surface on the presence of spume 1s noted. In addi-
tion, at the wavelength N\= 0.8 em, at the present time fairly
sensitive radiometers are available (see Chapter Five) and at
short wavelengths for the same antenna sizes a higher spatial
resolution can be achleved.

‘ Tb‘.i‘ " ' B“ ’ " / b ! } c

180 - . ~TN / ! '
3 - \ . " V///;>//
[P RN ¥ 5 ’ ‘

58 Y -~ V4 ) \ /v ,_‘.3-/ —— z
i T —

' V4 - . .
Vel 250 1200 a g vy ¥ &
\ @ - ¢ @ W dgr . : Bomb - dldhdeghm’ - Hokm

Fig. 3.20. EStimate of Flg. 3.21. Dependence of radiobrightness

contribution made by temperature of outgoing radiation at wave-
dimers to radiation at length N = 0.8 em on near-Earth pressure
wavelength N= 0.8 ecm P, (a), gradient of temperatures in tropo-

a5 a function of geo- 5 . \ \ \
. \ —-— - sphere dT/dh (b) and characteristic alti-
2
gravhical Latitude £727 tude of water vapor H, (o)
* on E (3.1) 1. Egquatorial latitudes
4. 3. 2. For polar latitudes

2. As above, with :
referenée to dimers 3 For middle latitudes

based on Egq. {(3.2)
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Fig. 3.20 presents the calculated latitudinal dependence of /T4
cutgoing radiation. at the Wavelength_3\= O;8 em /22/. From the
data in this figure it is clear that the latitudinal trend of
the radiation. i1s weakly proncunced and comparable with the con-
tribution given by water vapor dimers.

Calculation of variations at the radiation at the wavelength
0.8 cm based on the technique presented.in the previous section
showg that the root-mean-square deviations of the brightness
temperature of outgoing radiation over the ocean associated, when
the sky is free of clouds, with variations in the meteorological
parameters (mainly moisture content of air) is enclosed in the
limits 1.3° to 4.4° X, that is, much less than in the water vapor
resonance. In Fig. 3.21 are presented the results of model
calculations of variations in the brightness temperature of outgoing
radiation over the ocean when there is a change 1n the gradient
of temperatures in the troposphere, near-Earth pressure, and
characteristic altitudes of water wvapor distribution. Of high
interest 1s the fact. that the variations are small -~ they do not
exceed several degrees. Fon this reason, radiometric measurements
at the wavelength 0.8 cm are quite free of atmospheric inter-
ferences in the dlagnostics of clouds and precipitation {(Chapter
Four), the condition of the sea surface when the sea state is
strongly agitated and spume is present (Chapter One), and also
the condition of continental cover (Chapter Two). In particular,
emission at the wavelength 0.8 cm alsc contalns information on
the water vapor content and this information can be extracted
Trom the measurements. However, as will be shown in the next
section, in the diagnostics of water vapor it is more convenient
to use the region of water vapor resonance 1.35 ecm 1n which
considerably greater sensitivity to water vapor iz observed.

S
]
1

'

Synchronous measurements at the waveleangths 1.35 and 0.8 cml,
whilch as was shown in Chapter Six permit separate determination
of precipitable droplet water 1n clouds and the Integral of water
vapor Q also give the possibility of reducing the error of the
determination of @ over a greatly agitated sea.

Absorption in a eloud-free atmosphere at wavelengths longer
than 3+5 cm is determined mainly by coxygen. In this range the
atmosphere iz very transparent, its radiation is weak, and varia-
tions in radiation associated with changes in meteorological con-
ditions are tenths and hundredths of a degree. Therefore the
emission of the underlying surface in The long-wave portion of
the centimefer range is virtually undistorted by the atmosphere
and 1s determined mainly by the underlyling surface.
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Y. Reconstruction of Temperature and Moisture Content Profiles
in the Atmosphere

h-1) The presence of water vapor and oxygen. resonances 1in the
microwave range makes 1t possible to formulate the problem of
determining the vertical profiles of temperature and water vapor
content in the atmosphere. This problem is. solved on the_basis
of general methods developed for the infrared band /23-26/. A
specific feature of the microwave band is the possibility of
resolving spectral lines and, accordingly, the kernels of the
correspondlng integral equatlons become narrower /237 which
increases the accuracy of the solution of the ilnverse problem ==
-- reconstruction of profiles. In addition, 1lnterference by
clouds in the microwave range 18 consdderably less than in the
infrared band, which ids no small advantage for microwaves. Finglly,
in the reconstruction of the molsture content profile based on
emission in the 1.35 cm resonance, there 1s no need Tto know
exactly the distribution of ftemperatures, which simplifies the
solution of the problem compared with the infrared band.

However, it would be incorrect to fall to note alsc specific
disadvantages intrinslc to the microwave band in solving the prob-
lem of profile reconstruction. Above all they include a wavelength
that 1s greater compared to the infrared band, which leads to the
necessity of more carefully taking diffraction effects by receiving
antennas into account. In addition, variations in the emissivity
of the underlying surface and interference proeduced by precipita-
tion limit the resolving capabilities of the microwave band.

L-2) The problems of determining the vertical distripution /76
of atmospheric characteristics from the thermal radiation.of the
atmosphere in different spectral regions reduce, mathematically
speaking, to solving Fredholm integral equations of the first kind.
The difficulties in solving these problems, called inverse problems,
are assocliated with the fact that they are improper in the classical
sense, and untll recent years there was no common approach to theilr
selution. Only with the_appearance of studies by A. N. Tikhonov
/27/ and V. F. Turchin /28/ were two of the most general methods
of the statistieal regularlzatlon of improper problems outlined?.

Reviews of studies on the solution of improper problems as

applied to atmospheric sensing can be found in /23, ZH/ Weinmote
that at the present time, essentially, all practical methods of

2 Tne methods suggested in /?6 29/ essentially coincides with the

modifications /25 307 of the V. F. Turchin method.
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solving inverse problems of atmospheric physilcs /17, 31-37/ are
variants. of the methods of statistical regularizatlon based on
work done by V. F. Turchin or Westwater and Strand.

In this section, we will give a brief review of studies on
microwave sensing of the atmosphere, and in particular, recon-
struction of moilsture content and temperature profiles based on
measurements of intrinsie atmospheric'radio emission.

The emission and abgsorption of mlcrowave radiation has been
studied by numerous authors (see /1 /), but only in the studies
/7, 8, 38, 39/ were the capabilities of determining atmospheric
characterlstlcs from atmospheric microwave_radlation examined
for the first time. For example, in /7, 8/ a method 1s proposed
for determining the water vapor content in the stratosphere based
on ground measurements of atmospheric radlation at the frequency
22.235 GHz. In /38, 39/, an examination is made of the problem
of the possibilify of thermal sensing of the atmosphere in the
molecular oxygen absorption band at 60 GHz, both from the Earth's
surface as well as from varlous flight vehicles.

In /HO/ a numerical experiment on rec¢onstructing temperature
profiles in the troposphere from ground measurements of atmospheric
radiation in the wavelength range X = 0.55-0.60 cm was presented,
and the reguired accuracy of the measurements was indicafted. In
/337, based on a numerical experiment, an analysis was made of
the dependence ofgreeonstruction errors on the size of measurement
errors in sensing’ “Soth'from satellites as well as from the Earth's
surface, and the method of selecting optimal sensing frequencies
was proposed.

However, in spite of this theoretical "watershedld" and the
fact that in the microwave region of atmospheric radiation in
principle sensing "through'" clouds 1s possible, practical thermal
location of the atmosphere began to develop only in recent years,
after the appearance of narrow-band high-sensgitivity radiometers.

An expression for the brightness temperature of the system
underlying surface-atmosphere observed from a satellite at the /T
nadir is of the form

: g,

oo =To(t— Ro)e 0 + {7 (Py, (P) o0 p
P

by

+ B0\ TPy (Pye P ap, (3.12)

r




where TO and R@ﬁ are the ﬁemperature and coefficient of reflectilon

of the underlying surface, respectively; T(P) 1s the temperature
profile; Ta(P) is the coefficient of absorption of radiowaves.
‘of+wavelength ), /by atmospheric gases; and P_ is the pressure
at the surface; ' ©

P, ' P,

CnP = n@ndrs wo = {n(P)dp.

2 0

We note that Eq. (3.12) is satisfied for the entire range of
microwave radiation of the atmosphere glven the condition that
Wwe have some 1deal monochromatic receiver capable of recelving
radiation at a single wavelength. A receiver with the 20-30 MHz
band is eclose to the 1deal 1f we 1limit ourselves to sensing all
the way up to the altitudes P = 5-10 mb.

Since the coefficient of absorption Tng) depends on the

temperature profile T(P) and molsture content profile J(P) of
the atmosphere, Tb(&D is a function both of the characteristics

of the underlying surface as well as the meteorological parameters
of the atmosphevre. Therefore an ideal experiment to determine
atmospheric parameters of the atmosphere and the underlying surface
nust be an integrated experiment, making it possible from measure-
ments of Tb,M in different sections of the emission spectrum to

determine T, RAP T(P), and q(P). However, sinee in this inte-

grated formulation this experiment is thus far still difficult to
carry out, at the present stage of progress in radiothermal loca-
tion determining each of the unknown parameters of the atmosphere
and the underlying surface on the assumption that the remaining
parameters are known 1s of independent interest.

4-3) Let us examine the problem of finding the vertical
distribution of moisture content in the atimosphere from measure-
ments of atmospheric radiation in the neighborhood of the wavelength

M = 1.35 cm.

Absorption of dimeric molecules of water vapor and molecular
oxygen doesohot: have resonances near this wavelength. The resonance
absorption line-of monomeric molecules of water vapor A= 1.35 cm
is an isolated line. The half-width of this absorption line at
sea level is ~ 2400 MHz, while the resolving capability. ¢ of
ordinary narrow-band radiometers is of the order of 10-20 MHz and
amaller (Chapter Five). Gilven this ratio of receiver band and
half-width of line, 1% can be assumed that a monochromatic recep-
tion of atmospheric radiation is realized.
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It is shown in £3H7fthat in the nelghborhood of the resonance £_§
line l}=_1h35 cm, variations in brightness temperatures caused by
the redistribution of vapor in the abtmosphere, for a fixed Inte-
grated molsture content, are so large that they can be used in
determining the molsture content profile in the atmosphere.

Thus, assuming that for seversal k]ne&r»lf= 1.35 cm we know
the parameters of the underlying surfacg'To,fRAP and the vertical
profile of atmospheric temperature T(P)}, from (3.12) we can
determine the moisture content profile wg (P).

Based on a famlliar technigue ﬁﬁl?, after substltuting in
(3.12) ®the sum of the corresponding mean-climatic profile § (P)
and the deviations from it 63 (P), insteadwof the profile § (P),

=i+ o) |

(3.13)
and 1solating the emission spectrum Tb Alcorresponding to the
— ]

mean-climatie profile 4 (P), Eq. {(3.12) can be linearized and
reduced to the Fredholm integral equation of the first kind:

‘—-B-__ o e SR e e —— :

1) = o, p pdpﬂ
IS)., G e PP | (3.14)

Here f{\} = Tb,l\_ Tb’ﬁwzﬁg(pyl BEg. (3.14) is improper, since small

errors in determination of f{i) can lead to as widely differing
functions of W(P) as the solutions to Eg. (3.14). And since the
function f(XA) owing to the presence of measurement and recording
errors cannot be known preclsely, the direct determination of

W(P) from (3.14) leads to results that are physically meaningless.
To solve Eg. (3.14) we must introduce some additlonal information
on the behavior of the unknown function ¥{P} in order to leave
among the possible solutions of Eg. (3.14) only those that are
physically meaningfull.

Referring readers interested in the details of the method to
the studies /24, 28/, we present, on the example of the solution
of Egq. (3.14), the essentials of the technique of statistical
regularization using as the apriori informatlon about the solution
we seek the autocorrelation moisture content matrix.

First, we reduce Eg. (3.14) to a system of linear algebraic
equations

X O By, j=1,... M, | (3.15)

i) = 2

s

b~
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where M is the number of wavelengths at which the measurements are
taken, and n is the number of quadrature points in the computation
of integral (3.14). Eq. (3.15) can be written in matrical form

f:ﬁ'lp,\

where [, :@A and ¥ are matrices of size (M x 1), (M x n), and /79
{(n x 1), respectively. Since the vector f includes errors of
measurement and recording, this equation is, strictly speaking,
approximate.

We will assume that the measurement errors at different
wavelengths are distributed according to the normal law, with
zero mathematical expectation, are independent, and that we know
the dispersions d% of these errors. Then instead of Eg. (3.14),

we can write the distrilbution function of the vectors I that can
be obtained in the course of measurements at the specified vector

/e

F{f9) = Croxp[ — (v ooy + :ﬁ:wﬁp] ,

(3.16)
where w is the error matrix with the following elements
] o 0 for:z i,
W57 — =5 bij; ﬁu_( I /
s s | for | ie= ]

The sign (¥) denctes transposition of the matrix.

Let us assume a priori that the desired deviations of ¢(P)
of moisture content profiles from the mean-climatic profile

a(P) are distributed according to the normal law with the matrix
of second moments B coincident with the cuter correlation moisture
content matrix Baa plotted according to previously accumulated

data from aerological sounding of the atmosphere. Then the a
priori distributlion of the profiles ¢{(P) will be of the following

form:
F(w)mtzexp{———(ll»B“P)} ‘ (3.17)

' T

And, finally, from distributions (3.16) and (3.17), based on
the Bayes theorem, we get the aposteriori distribution of vectors
¥ satisfying Eq. (3.14) for a known vector f:

F(Wf) Canp{_ lfztp [ﬂz'w'a:urB 1}11:+J¥‘w)‘qa} ; (3.18)
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The vector -

being the mathematical expectation of the distribution of (3.18)},
1s taken as the desired solution of Eq. (3.14).. The diagonal
e¢lements of the matrix [ﬂ*Uﬂ?#ﬁBﬂlj being dispersions of the
distributions (3.18) at the correspondlng levels, will serve as
a measure of fthe reconstruction errors. :

In /347, the possibility of reconstructing moisture content
profiles from satellite measurements of atmospheric radiation in
the vicinity of X/ = 1.35 em is verified by numerical experiment.

For the case of measurements from the Earth's surface of
incoming atmospheric radiation, in Eq. (3.12) there remains only
the second term and the expression for the brightness temperature /80°
becomes '

; , |

Ty = § 7Py (Pye o =P gp,

P : . (3.12")
However, the method of solv1ng Eg. (3.12') remains the same as
for Eg. (3.12).

In /327 based on actual ground measurements of atmospheric
radiation, m01sture content profiles in continental and oceanic
condlitions were reconstructed. _ .

Examples of the reconstruction of moisture content profiles
taken from /32 347 are shown in Figs. 3.22 and 3.23. Reconstruc-
tion errors for the levels P > 800 mb are 10-15 percent, while for
the levels 500 < P < 800 mb, the reconstruction errors reach 40
percent, and for the levels P «€ 500 mb, where the actual molisture
content wvalues are low, the reconstruction errors can be 100
percent.

However, with all the common ground of the solution to prob-
lems of reconstructing molsture content profiles based on ground
and on satelllite measurements of atmospheriec radio emission, there
is a difference between them, namely that in ground measurements
the value of the unknown function at the location of the receiving
equipment can be measured directly and then used as additional

apriori information in reconstructing the moisture content proflle
Formulated this way, the problem was solved in /17/° f@r tHE. case

of measurements. taken from Earth in continental and oceanic
conditions. As we can see from Figs. 3.24 and 3.25, introducing
the additional information improves the reconstruction of the
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Fig. 3.22.. Example of recon-
struction of molsture content
profilesfrom satellite measure-
ments of spectrum in the
region of the 1.35 cm reso-
nance (numerical experiment)
1. Mean-climate
2. True preofile
3. Its reconstruction based
on "measurements" at
three wavelengths
4. As above, based on
"measurements™ at _
31 wavelengths /34/

) B — AN
g 2z 4

g g /] ® 1 g g/kE

Fig. 3.23. Example of recon-

‘structien of moisture content

profiles from shipboard

measurements of absoprption

spectrum in atmosphere in

the 1.35 cm resonance region

1. Radiosonde measurements

2. Reconstruction based on
open scheme

3. TReconstruction based on
closed scheme /32/

meisture content profiles in
the near-Earth layer. There

2ok p 1s a marked improvement in
AL - the reconstruction of the
R =2 moisture content profiles
R — with large moisture content
s S gradients in the near-Earth
= Ny layer. It was possible to
800 e reconstruct alsc the inversion
S of moisture content in the
me ! ! L | | L L2 near-Earth layer. As a whole,
7 7 4 £ g 7 /4 % M g.BlkE

80

the reconstruction errors in
the atmospheric layers from

Fig. 3.24. Example of reconstructionlo00 to 800 mb as a rule do
of moisture content profile based oh not exceed 10 percent.
shipboard measurements of absorption

spectrum in region of 1.35 cm

resonance, taking driven moisture

content into account.

1. Radlosonde measurements

2. Reconstruction based on open
scheme :

3. Reconstruction based on
closed scheme /17/

However, it was not /81
possible to reconstruct the
inversicns 1In the atmospheric
layers when P = 600-800 mb,

The point is that gilven the
smoothness ©of The kernels

(b, Py, of Eq. (3.14) that



are realized in thils wavelength range, the inversion similar to
the one showh.in Filg. 3.26 makes a minor contribution to bright-
ness temperature values.

Summarizing studles on the reconstruction of moisture content
profiles from radiometric measurements of atmospherie radiation,
it should be remembered that in all the above-cited studies, in
reconstructing the moisture content profiles measurements taken
In cloud-free weather were used and, moreover, it was assumed
that the temperature profile T (P) was known.

Some estimates show that the replacément of the actual tem-
perature profile by the mean-climatic profile in the reconstruc-
fion of the moisture content profile does not lead to appreciable
errors.

Fig. 3.25. Example &f recon- Pig. 3.26. Example of recon-
struction of moisture content struction of moisture content
profile with ground inversion profile with altitude inversion
based on ground measurements symbols are the same as in

of absorption spectrum in the Fig. 3.24.

vieinity of 1.35 cm resonance,
with ground moisture content
taken into account. The
symbols are_the same as in Fig.
Fig. 3.24 /l?/

éiﬂ) Formulation and solution of the prcblem of reconstruc-
ting the vertical temperature profile from microwave radiation of
the atmosphere in the oxygen absorption band A = 0.5 ecm in prin-
ciple are entirely analogous to the formulatlon and methods of
solving the above-considered problem of reconstructing the moisture
content profile.

In the oxygen band absorption by water vapor 1s small and
taking it into account from mean-climatic data 1s sufficlent for
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Fig. 3.27. Reconstruction of Fig. 3.28. Reconstructlon of
temperature profiles in tropo- temperature profile in tropo-
sphere for oxygen emission in sphere based on the measure-
three wavelengths ments at five frequencies in
1. Radiosonde measurements the band A = 0.5 cm
2. Mean-climatic profile Symbols are the same as in
3. Reconstruction based on Fig. 3.27 /37/

microwave radiation /377

the flrst step. Further refinement can be based on determination
of Q from measurements of radiation near the A = 1.35 em resonance.

Leaving outslde our consideration the problem of the appli-
cability of Egs. (3.12) and (3.12') for actual receivers and
gssuming that there is an ideal monochromatic receiver available
we can Investigate the problem of the information content of the
microwave radlation of the atmosphere in the oxygen band, the
possibility of reconstructing temperature prefiles from several
values of Tb A measured in this band, and the required accuracy

3

of these measurement.

In part, these investigations were conducted in the above-
studies already cited /33, 39, 40/.

We note that the reconstruction of the temperature profiles

is carried out either from Tb the values measured at several
3

wavelengths in this band for a fixed angle of observation, or /83
from Tb ) values measured at a single‘wavelength but at different

zenith angles of the axis of the receiving antenna, that is, at
different angles of observation. Reconstructions of the temperature



profiiles based on actual measurements of radiobrightness tempera-
ture of the atmosphere in the oxygen bands were carried out in
/37/.  In reconstructing the temperature profile, in this study
use was made of ground measurements (at the zenith) of the micro-
wave incoming radiation of the atmosphere in the 5-6 mm band.
The accuracy of the measurements was 1-2° K. . The measurements
were taken at the station Oakland in the state of California in
December 1967 and in August 1968. Simultaneously with the
measurement of radlation, a meteorological sounding was carried
out. The temperature profiles were reconstructed up to the
altitude of 10 km based on Tb‘M data known for three to five

3

wavelengths. The meet-mean-square error of reconstruction was
2-5¢ K. Examples of true, Peconstructed, and the corresponding
mean-monthly profiles are given in Figs. 3.27 and 3.28. From
these figures it is clear that the reconstructed profiles overall
better reflect the trend of the true temperature profile than the
corresponding mean-climatic profile.

The problem of reconstructing profiles based on microwave /84
radiation examined 1n subsections 4-3) and 4<4) of this section
1s far from ifs final solution. Further investigations on
selecting optimal wavelengths and parameters of the measuring
equipment are needed. We note that the high spectral resolution
of the recelving microwave equipment, as well as the strong
dependence of absorption in water vapor and oxygen on the profile
of meteorological parameters make it possible to set up the
problem of the integrated reconstruction of vertical profiles
of temperature and moisture content through the simultaneous use
- of both falnt (A/= 1.35 cm) as well as intense (A= 0.164 cm, 0.25
cm, and 0.5 cm) resonances for altitudes up to 85-95 km.

h-5) Reconstruction of the parameters of the upper atmoespheric
layers has been examined in 4327. Analysis of the emission spectrunm
of oxygen showed that frequencies can be selected at which, when
the atmosphere is beling observed from the satellite "against the
light" in the horizontal direction, the brightness temperature
of radiation does not depend on the air temperature (in the
possible range of its varlations, of course) and 1s proportional
to the densitiy of the altitude corregponding to the "target”
distance. Calculations given in /U2/ showed that measurements

of density by this technigque can be carried out at altitudes from
30 to 60 km.

A method conceptually close to this technlque, for determining
moisture content profiles, was examined in /337.

4-6) Advances made in the practical mastery of the submilii-
meter range of electromagnetlc waves (see‘il;/) together with the
progress made in space technology have stirred heightened interest
in submilliimeter radiometecrology: At the present stage, it appears
useful to investigate the fundamental possibilities of radio-
meteorological measurements in this new wavelength band /47,



First of all it should be noted fthat regular meteorological
investigation from the Earth's surface in. the submillimeter range
are consliderably hampered owing to the. great ‘optical depths
/thlcknesses/ of the Earth's. atmosphere /55/ . Therefore investi-

“gations of The’ ‘atmosphere in submillimeter waves from topside

(in particular, from satellltes) are optimal.

The optical depth of the cloud-free atmosphere over suffi-
clently breoad intervals of submillimeter radiowaves is determined
by the rotational spectrum of water vapor. In the submillimeter
band of radiowaves, we find also the resonance frequencies of

such dipolar gases as CO, Ngo,_NO, and NOE’ and so on. There

are particularly numerous rotational lines of ozone in the sub-
millimeter wavelength band /36/. The concentration of these _
gaseous admixtures in the aftmosphere is usually low (~ 10-7 - 10
percent). Bub given the adequate' concentration of the corresponding
constituents, the optical depth of the atmosphere in the resonance
regions of the absorption.can be determined by the contribution

of the gases listed above, which in turn serves as a basis for /85
investigating their content by the fechniques of submillimeter
radiometeorology. However, the effect of these gases con the

optical depth cof the atmosphere 1s appreciably reduced outside

the corresponding resonances and is negligibly small in the region
of intense rotational resonances of water vapor absorption. Thus,
one of the possible applications of submillimeter radiometeorology
lies in investigating the moisture content of the atmosphere.

In /EM7 calculatlions were presented concerning the optical
depth of the cloud~free atmosphere caused by molecular absorption
of water vapor, 1n the resonance regions of four intense absorption
lines of monomeria molecules H,0 (see Fig. 2 in /T /): 2;:?;]

(U = 25,00 em™), 1, —1, (1/%; = 18,58 cm™Y), B3,~45]  (A7A7= 12087 em™Y, | and

4W-54'(Q@U§;{Q8§qnﬁw In the calculations of the atmospheric

optical depth, use was smade of the quantum-mechanical formula (&)
in /1 / for the absocrption coefficient of monomeric HQO molecules.

The contour of the spectral line described by Egq. (6) is caused
by the molecular collisions, and Eq. (6), of course, is valid only

at the altitudes at which the broadening of the spectral lines H20

is determined by the appropriate collisions. Therefore, at greater
altitudes (up to z = 80 km) an approximate. correction for the
effect of the Doppler broadening, after /B_ 7, is introduced into
the worklng formula.

The results of ecalculating thé'levéls of the departure of
outgoing thermal radiation'HAldetermined by the condition

Hmax

S ']’1!12—"—-'1

H,,




(where ﬂk\is the absorptlion coefficient at the wavelength lﬁ Hmax

is the provisional upper atmospheric cutoff) obtained from the
slopes of the corresponding absorption lines for a summer standard
model (609 N)3 are given in Table 6. In the actual resonance lines,

the departure levels rise to very large values. The Tact that the
emission departure levels change markedly over the contour of the
atmospheric absorption lines is the natural prerequlisite for the
possibilities of obtaining meteorological information in the
corresponding spectral regions. This is further indicated by

the changes in the‘brightness.temperaturgs of the atmosphere as

as function of wavelength (they are ~30° K based on the contour /86
of the line for these atmospheric models) and the altitude changes

in the weighting functions of the absorption coefficients\ky.

© L zkm Lo '
5

20

W
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7 @F g g /%

9, Maxlmum-normalized Fig. 3.30. Maximum-normalized

Flg. 3.2

welghting functions in the welighting functions in the
neighborhood of the resonance neighborhood of the resonance
4 -5, (10.86 cm~1) F8% sub- 1, - 1,-(18.58 em-1)
o} -4 -1 =
millimeter waves 1. N = 0.52 mm
1. N = 0.95 mm 2. N = 0.535 mm _
2. N =0.92mm B 3. AN = 0.5382 mm /FY4/
3. N = 0.9208 mm /547 -
3 In the caleulations, the atmospheric models were supplemented

by specifylng the vertical distribution of meisture content up to
the altitude z = 80 km, 4(z) = aoe-aoz for 0 < z < 16 km and §{(z) =
= const at altitudes 16 km < z < 80 km ("dry" stratosphere), or
g(z) =.ale"al(z-16) for 16 ¥m < z < 30 km {"moist" stratosphere),
followed by the rapid reduction in the specific moisture content
down to'the values of q corresponding to the "dry" model (ﬁo =

= 9.”'10f3 g/g in summer, and ZI..5'1-O"3 g/g in winter, '

a = 0.48 km_l, and a, = 0.24 km—;).
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TABLE 6. CALCULATED VALUES OF DEPARTURE LEVELS OF
TERRESTRIAL ATMOSPHERIC RADIATION NEAR THE WATER
VAPOR RESONANCES IN THE SUBMILLIMETER WAVE BAND

1 . .
Coxmm | Hykm | oxymm | oH,, km | romm | Hy km A, py ki
4
| 7 ]
I o, B,5 ( 0,52 8.8 | 0.7 3.4 { 0,60 2,6
C0,39 | 8,7 0,53 10,2 0,77 4,6 0,91 3,6
0,40 1. -12,8 0, 54 15,8 0,79 11,5 0,92 6,8
04t | 7,8 Q0,55 10,0 0,81 A 0,93 4,0
oo Bda b oe2 10,56 8,4 0,83 2,9 0,94 2,6
. ‘

Figs. 3.29 and 3.30 present the corresponding weighting
funections Wy s each of .which 1s normalized for 1, for the two
2O: MO - B—M and l_l_— 11.

In the submillimefter wavelength band, the brightness tempera-
tures can be calculated based on the formulsa that 1s the customary
one for the centimeter and millimeter bands, for the Rayleigh-
Jeans approximation 2sh ¢, A~! < kT ( h and k are the Planck and

quantum transitilons of H

Boltzmann constants, respectively, and o is the speed of light)

1g satisfied in the terrestrial conditions at wavelengbh Al > 0.36 mm.
Broadening of the spectral water vapor lines is determined in the
terrestrial atmosphere by molecular collisions in the submillimeter
wavelength band to the altitude z = 5560 km. Thus, for the line

L5 —IS_M (l{ghj = 10,86 em_l), the ratio of the half-width of the /8

line caussd by collislons to the Doppler half-width Az%tﬂﬁud = 2.5

at the altitude z = 60 km. For the line 1_; - 1, (1/3;, = 18.58 .cm”
g similar relation obtains at fthe altitude z = 55 km. In the

resonance of the MO - 5—4 lire, the contribution made by the

)

atmospheric layers z = 60~80 km to the optical depth is ~ 0.1.
For the resonance of the line 1_1 - 1ll the level of the radiation

departure in summer is about 60 km, while in the winter conditions
it drops to 48 km. The optical depth of the atmospheric layers
from 55 to 80 km is of the order of 7 ~ 0.2. The relative contri-
bution fto the optical thickness of the atmosphere made by layers
at which the Doppler line broadening 1s substantial decreases
rapidly with increase in separation from the resonance and when
mistunings 6, 2 0.002 ffieaP& present does not exceed even frac-
tions of a percent..
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These results are applicable for the analysis of possible
measurements of submillimeter radiatlon with narrow-band recelvers
(with band not more than 1-2 MHz). When the resolving capability
of the equipment is poorer, one must: reckon with averaging of the
effects of the entire receiving band. Modern submillimeter
recelvers at the sensitivity of ~ 1-27 K thus far have very
broad bands {(several hundreds of megahertz). However, compared
with the longer-wave bands, the submillimeter band hag the
advantage for radiometecrological studies in that it can yield
Iinformation on the higher atmospheric layers (see the values of
the radiation departure levels in Table 6). These factors
evidently must simulate developments in submillimeter radio-
meteorology. '
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CHAPTER FOUR

MICROWAVE RADIATION OF CLOUDY ATMOSPHERE

1. Characteristics of Atmospheric Cloud Cover and Precipitation

1-1) In a cloudy atmosphere various states are possible,
differing in the phase structure of clouds, altitude and thilck-
ness of cloud strata, preclpitation, and other features. Micro-
wave absorption and emission spectra arising during the transport
of radiation in cloud feormations depend on the phase structure of
clouds, their temperature, and their spatial configuration.

In terms of phase structure, a distinection is made between
droplet, lce-crystal, and mixed clouds. Stratus droplet (3t)
and stratocumulus droplet (Sc) elouds are formed at altitudes
to 10 ¥m and differ in their bulk content of water (moisture
content), vertical size (thickness), droplet mlcrostructure,
and temperature /1, 2/. Depending on the kind of formation,
the moisture content of droplet clouds is 0.1-0.5 g/m3, but in
rare cases can be as high as 5 g/m3. The thickness of droplet
clouds varies from hundreds of meters to several kilometers
(the thickness of nimbostratus and eumulonimbus clouds can bhe
5-7 km). The microstructure of droplet clouds is determined by
droplet size distribution. Droplet size distribution as a
function of cloud layer altitude has a maximum 1n the 5-20 um
range and covers the range 1-40 um. Droplet shape 1s near-~
spherical.

The temperature of droplet clouds occupies the range -L‘-+30O
to -40° C, depending on altitude and conditions of formation.
Clouds made of lce crystals are formed at below-zero temperatures
at altitudes to 20 km. The moisture content of ice-crystal clouds
(Ci, Cs) does not exceed 0.1 g/m3. % A combination of droplet and
ice-crystal states is possible in nimbostratus (Nb), altostratus
(As), and altoecumulus (Ac) clouds.

1-2) Droplet precipitation (rain) and solid-phase precipi-
tation (hail and snow) differ in phase structure. In droplet
precipitation droplet sizes are in the range 0.05-6 mm. Droplet
shape Is a flattened spheroid and, to the first approximation,
can be assumed to be spherical.

Rain intensity dis characterized by the column of water
falling on per uplt area per unit time:
- ‘ .aﬁpi -
I (mm/hr) = 15.1 § N@v(e)adde, (4.1)
A I
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where a is droplet radius in mm; N(a) is the number of droplets
with radius a per uwnit volume (1/mb )y and v, is the droplet fall

velocity in m/sec.

The infensity of weak drizzling rain 1g not higher than
1 mm/hr; moderate rain has an intensity of 1-20 mm/hr, while
heavy showers have an intensity of 40-60 mm/hr. As a rule,
droplet sizes increase with rain intensity.

Several kinds of approximation functions characterizing
droplet size distribution in rainfall are used.

By the Marshall-Palmer distribution £§J7:

N (@) = Noe=se, | (4.2)

-2 =4

where N_ = 8°10 cm 3 X (cm—l

y = 82 172 (mm/nr). Best /§ 7

suggested empirical formulas for droplet size distribution and
moisture content:

f%adzzi-_e_{ﬁg)%’/ (4.3)
m = CyJf,

o (4.1)
where F(a ) is &he fraction of moisture content with droplet size
less than 845 ae =« IP’o is the effect of droplet size 1n cnm;

m (g/cm ) is the m01sture content of the rain; and C o? fo’ Vys
oy and BO are parameters. The mean values of parameters
according to Best's data /U _/ are as follows: C_ = 6.7°107°
(g/cm3); f = 0.846, v =2,25, = 0.13 {(cm), and B_ = 0.232.
0 e o o

Solid~=phase precipitation in snow and hail form has dimensions
from tenths of a millimefer to several millimeters. In rare cases
the sizes of hall particles and snowflakes are cas high as several

centimeters. The density of snowfalls averages 0.0l g/cm3, while
the density of hail particles is up to 1 g/cm3.

2. Transport of Microwave Radiation in an Inhomogeneous Atmosphere

/30

2-1) The transport of microwave radiation in clouds is
accompanied by effects of absorption and scattering by individual
droplets and by secondary emission of droplets.



In calculations of energy absorption and scattering in
individual droplets, diffraction theory equations are used. For
spherical dropiets, the relations determining the attenuation
cross section Oy s scattering cross sectilons ogd and absorption
cross sections Oéb 1n the form of dimensliocnal quantitiles have
several series contalning Bessel functions and thelr derivatives
(see /5, 6, 7/). The relative cross sections of attenuation Qa’

scat;ering Qx? and absorption Qab in dimensionless form are

defined az follows:

a ma? *? %cz mat ?

ST g
] Gor= et - (4

Calculations of attenuation and scattering cross sections were
not too small values of diffractlon parameters 8y~ 2na/Af and

na)y requires retaining dozens of terms of the series and are

performed on digital computers. Examples of droplet attenuation
and scattering calculations are given in the monographs cited
/6-87; several additional calculations of'Q and Q_ for the

microwave range are to be found in /3 /.

For small values, axri 1, nakri 1, we can use the approxi-

mation in the form of the firsttthree terms of the expansion in
the small parameter alf

i R L,
daz?(p;‘(( - (,_:.a;.-;—ca_a:;:)‘. _/ ("4
where ‘
- _; ﬁg.’-’- T - -
O =TT Ter (4
. L& [B[T(eE -4 =20 LT (5] 25 oy
G- [t T e T (4
C. = 4 (=D L2 (&7 [2{8 — D (2 2) — 9] (&)1 ’
. 3 — g7 T 1 g NSl .
3 _ [{e"+2)° + )] (4
The real gl.and imaginary <" parts of the dielectric constant
of the water droplets, according to the Debye dipole theory
(see Eq. (1.8)) are defined in the form
. 7__,.}. — *B;‘:—E-;-_ JRp—
g =gy + — T (4
1+(%)

-5)

~
O
=

.6)

L7
. 8)

-9)

.10)
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1[1+(%§)1  _w (4.11)

where KE = ame 7. 7, is the relaxation time of the dipolar

molecules, (M':EI aQX;,;il and g@i%{%jasEi:%aT

Egs. (4.10) and (4.11) determine the dependence of the real and
imaginary parts of the dielectric constant on wavelength: A—~v¢;J

The behavior of the real and imaginary parts of the dlelectric
constant of the water in the microwave range has been studied
quite completely. At the present tlme there are rellable experi-
mental data on the temperature functions of relaxation time and
parameters Eo and € for the range of temperaturesiabove the

thawing point and in the supercocling region 4?47.

The quantity hi according to 17;7, can be approximated by
the analytlc functlon

k = {, 4663‘0-05347' + 0 0001361'3 — 0 027293" + 1 873011 f (4.12)

where T 1s expressed in © ¢ (alsc see Figs. 1.1 and 1.2). A

more gross approximation of the temperature dependence of the

relaxation time used in /10/ is aiso possible. The coefficients /92

Cl ang C in (4.6) tend To zero in the absence of losses in the
liquid (g = Q).

The fraction of scatftered radiation for waves 1n the milili-
meter and centimeter ranges in cloud formations when,nakk <1

is extremely small and as a rule can be neglected. The second

term in (4.6) can also be neglected. 1In this approximation the
absorption cross section of droplets according to (4.6) can be

represented as

3 ‘N_f:“_ a:;C _ AmEat Ge
e o LT TR T IR T (e (4.13)

2-2) Linear absorption in water droplets WXLW can be

obtained by summing the abscrption cross sections of individual
droplets contained in a unlt volume:

Ctw =S safa. M) N (@) da. (4.14)




In the Rayleigh approximation, by substituting (4.13) into (4.14),
we get

Trw = IVCIR
= e | CREY

where W is the moisture content of a cloud:
S—;— 2V (a)da, ;
o L

Pa

is the density of the droplet liquid. .
The dependence of vy. W on wavelength and temperature can

easily be derived from (4.15), (4.7), (4.10), and (4.11). From
these formulas 1t follows that at 1ong wavelengths the linear

H¥sorption is proportional . 1to A 2. Thus, when A>A] and T = 291° K,
-we g¢an use the following formula to a good approximation:

pjy (Gb/km) = 0.4 W (&/em>HAT? (em). (4.16)

For shorter wavelengths,\ang;1\, the dependence of ol w on wave-
length is weaker. The dependence of '%\W on droplet temperature
>

. 18 a consequence of the variation of the dielectric parameters -
of water g, g and Ag with temperature. Fig. 4.1 in which the

dependence of ﬁ]w/w on wavelength and on temperature is presented
- , P
as a parameter gives an idea of the behavior of ~74 W for liquid-
k]

droplet €&louds in the centimeter and millimeter wavelength ranges.
In the case of ice-crystal clouds, the absorption coefficient

for equivalent water content is approximately two orders less than

the absorption coefficient in droplet clouds. In lce-crystal

clouds, owing to the weak dependence of the dielecfric constant

of ice on frequeney in the microwave range, the linear absorption
coefficient is approximated by the following linear dependence on /93

iM_l: o

3
7, @/ = e R (4.17)

where the coefficlent ki = (9.10"4 - 7-10‘3)_ The values that

ki takes Hepend on cloud Temperature and droplet shape.
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Fig. 4.1. Effect of temperature Fig. 4.2. Dependence of absorp-

on shape of normalized droplet tion coefficient of microwave
cloud absorption:ispectrum radiation in rainfall on pre-
1. t = 109 C cipitation intensity

2. t =-00C Theonumbers aleng the curves
3. t = 20° ¢C are frequencies in MHz.

2-2) Por rain droplets, the conditionuthat the diffraction
parameters ah\and nahibe small is not satisfied even in the

centimeter range. Therefore to calculate the relative cross

sections of attenuation, scattering, and absorptlon one must

sum the corresponding series obtained in diffraction theory.

The linear absorption coefflicient ?lﬁw can be expressed in terms
3

of Eq. (4.14), in which we must substitute the absorption cross
section and rain droplet radius distribution. The well-known
distributions of Marshall-Palmer, Best, and cthers can be used
as this distribution. Estimates of absorption obtained for
different distributions were found to be close to each other,

ags can be seen from comparing the results of the calculations in

/8, 9, 11/.

The calculated estimates of the dependence of the absorpticn
coefficlent on rain intensity according to /8 / are given in
Fig. 4.2.

A guantitative e&timate of the increase in absorption due
to diffraction can be expressed by a factor G, indicating by how
many times the actual absorption in rain is greater than the
calculation in the Raylelgh approximation provides. Estimates
of the factor G are given in Table 7 for three wavelength:intervals
and three rain intensity levels. The_data in Table 7 were
obtained from caleculations given in /8 /.



TABLE 7. VALUES OF FACTOR G

Limits of spectral reglons

Intensity of rain in wavelength, cm
precipitation 0.8-1 1=D 5_l
Gentle rain, I < 2 mm/hr 5-6 has 2-4
Moderate rain, I < 10 mm/hr 5-7 T-10 3.5-7
Heavy and shower-intensity
rain, I < 16 mm/hr 7-8 “8-10 10-20

TABLE 8. VALUES OF SCATTERING
COEFFICIENT Qé&/ Qab

A £m
r,mm/hr
0,8 135 3,2
2 0,51 0,14 0,05
0,36 0,20 ©0,06
16 0,42 0,28 0,08
n 0,46 0,3 D10
90 0,49 0,59 | 0,13

When rain precipitation becomes more intense, the influence
of resconant effects shifts from the millimeter to the centimeter
radioc-wavelength range. The data in Table 7 show also that in
the short-wave 8ection of the centimeter range and in the milli-
meter range the role of resonant mechanisms is very significant.

In calculating the emissivity of rain layers in several
cases one must make allowance for the contelbution of scattering
fields. The influence of scattering effects 1s conveniently
described by the coefflecient of scattering per unit volume
("probabillity of survival of a quantum") and by the shape of the
scattering indicatrix. The scattering coefficlent is equal to
the ratio of the scattering and absorption cross sections cal-
culated per unit volume. Calculations of the scattering indica-
trix for the polydlsper510n model given in /9 / show that the
shape of the indicatrix in the centimeter range is close tTo the
Rayleligh form. The calculated estimates of the scattering
coefficient in the elementary volume based on the data in /9 /
are presented in Table 8 as a function of wavelength and rain
intensity.
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The data in Table 8 show that for the millimeter wavelengths
the contribution made by the scattering fields must be taken into
account for rain precipitation over the entire range of rain
intensity. The effect of scattering is much weaker for centi-
meter waves than for millimeter waves, however in the case of
intense rainfall neglecting scattering can lead to marked errors.

§. Spectrum of Outgoing Microwave Radiation

3-1) To find the main features of the emisslon spectrum of
a cloudy ‘atmosphere observed by satellite, let us examinecdithe
simplest model: the atmosphere over a gquiet water surface. The
calculations will be made for observations at fthe nadir, without
allowing for scattering effects in the atmosphere. Some compli-
cations of the model will be examined shortly in subsection 3-2)
Jf this section.

For the atmosphere model adopted, the expression for
brightness temperature takes on_its familiar form:
Tyo= (1 — Bo) Toexp{—{ 1. (v)aw’} +

0

+ S 10.(0) T (R} exp {— § . (') dk’ | dh +
0 h .

=51 o

x h
+ Rrexp{—ra ) dn} 7 @yexp =Ny an'}y () dh.
N _ o e _ o N

(4.13)

In contrast to the case of a cloudless atmosphere, the linear
coefficient of absorption Y in (4.18) consists of three terms:

= Y o o v 4.1
D =Yoot e LYW (4.19)
Actually, (4.18) is a complex functional, dependent on the

vertical distribution of air temperature and humidity, altitude
distribution of droplet water, and so on. The presence of droplet
water in clouds leads to unusual features in the spectrum of out-
going microwave radiation. Fig. %.3 presents examples of the
calculation of the spectrum of brightness temperatures for a

1 kxm thick model of a cloud layer, with a total content of droplet
water W = 1 kg/mz. In the calculation 1t is assumed that the
middle of the cloud layer is at the altitude HW = 1 km and 2.5 km.

The temperature and humlidity distribution correspond to the
standard atmosphere.

First we note that the presence of cloud cover increases
the brightness temperature of the water surface, and the tem-



perature rise proves to be greater at shorter wavelengths. This /96
consequence 1s natural, since the rise in absorption in droplets

is proportiocnal to N=2. A more subtle effect of cloud cover is

that the increase i#n cloud altitude and, thus, a decrease in cloud
temperature lead Lo a marked rise in the brightness temperature of

the entire system. The rise in the brightness ftemperature with

cloud ascent is associated with the fact that the increase in the

“optical-density of the CIoud”ﬁnr:STHFQ% dominates over its

temperature drop. We also note that in the area of the oxygen
resonance where absorption is very high, the c¢loud cannot be
scanned when observabions are taken from above,.

sﬁm%l=—~———~;_h_;ﬁ_kn_ﬁ_ 3-2) The spectrum of radio-
; &Wf ] brightness temperatures cf a

| - cloudy atmosphere in a precipi-
vo247

tation mone has features asso-
ciated with the influence of the
weakly selective effects of micro-
wave radiation absorbed and

; scattered by droplets with

s ——4 dimensions exceeding tenths of

P 2 < i ! ! L H 1 i a. Iﬂillimetel".
T30 I g @ fﬁﬂgGH?

2egt
'z}
i 10 |-
iI 160 |
|

|

As shown by estimates (see
Fig. 4.3. Spectra of outgoing Table 8), the scattering coeffi-~
radiation of cloudy atmosphere cient per unit volume of rain

over quiet water surface precipitation is 5-50 percent,
1. HW = 2.5 km depending on the intensity of
‘ the precipltation and the

2+ HW = 1 xm selection of the spectral region

3. Cloudfree atmosphere of obhservation. An estimate of
the effect of scattering on the
radiocbrightness temperature in

the precipitation zone, made by use of radlation transport

equations, showed /12/ that when the integrated absorption is
more than 0.5 nheper |, scattering corrections must be 1lntroduced
when the scattering coefficient 1s more than 10 percent. There-
fore in the calculation of radiobrightness in the 0.1-3 cm range
during periods of raln, one must allow for the reduction in
radiobrightness temperature due to droplet scattering.

3-3) The é€ffect of the temperature and state of the under-
lying surface becomes most strongly evident in the long-wave
section of the centimeter. range aznd in the decimeter range,
where absorpftion in the atmosphere is low even during rainfall.

The reflecting properties of the underlying surface directly
affect the sensitivity of the spectrum of radiobrightness tempera-—
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tures to variations in atmospheric parameters. When observations
are made of contilnental cover where the power reflection coeffi-
cient does not exceed 10 percent, the sensitivity of the spectrum
of radiobrightness temperatures to variations in atmospheric
parameters in the centimeter range and in the long-wave section
Oof the millimeter range is reduced by more than fivefold compared
fo observations of a quiet water surface.

Tables presenting the results of calculations of outgoing
radigtion for different scattering Intensities in precipitation
and for different reflectivities of the underlying surface are
glven in /9, 12/.

3-4) The characteristic changes in the shape of the spec-
trum of oufgoing microwave radiation assoclated with changes in
the condition of the underlying surface and the atmosphere are
convenilently found by grouping the states of the atmosphere and
the Earth's surface. Let us single out the following typical
ensembles differing in microwave radiation properties for sea
surface, continental cover, and cloud cover:

a) for a sea surface: 1) the free sea surface (when wind
veloclity does not exceed 5 m/sec); 2) the surface with moderate
sea state (when wind veloecity is not above 8 m/sec and foaming
is limited); and 3) a surface with intense sea state and foaming;

b) for continental cover: 1) dry =so0ill with moisture not
exceeding 5 percent; 2) moderately molst soils with moisture to
12 percent; 3) waterlogged soils; 4) frozen soils and glaciers;
and 5) soils covered with vegetation; and

¢) for cloudy atmospheric states: 1) ensembles of single-
layer ecloud cover (clouds of the lower, middle, and upper tiers);
2) ensembles of verticallyddeveloped clouds; and 3) ensembles of
clouds with falling precipitation.

The arbitrary nature of this preliminary classification 1is
admitted and it can be assumed that as data on the microwave
radiation characteristics of the Earth accumulate [, this classi-
fication will be refined.

3-5) The presence of the atmospheric-state dependence of
the intensity of outgoing microwave radiation from the system
underlying sufface-atmosphere makes it possible to solve various
inverse problems of determining the meteorological parameters of
the atmosphere. As applied to a cloudy atmosphere, two kinds of
inverse problems can be examined: problems of determining the
integrated parameters (total mass of water vapor, moisture
reserve of clouds, precipitation intensity, and so on) and
problems of determining the vertical profiles of femperature
and humidity.
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The solution of the inverse problems as apﬁiied to a cloudy
atmosphere 1s conveniently done 1in two stages: the stage of
classification (distinguishing an ensemble) and the stage of
estimating the parameters characteristic of the ensemble selected.

Inidistinguishing an ensemble of staftes, 1t .is suggested to
use integrated observations ilncorporating photographic data and
data on radiation temperatures 1n the IR /infrared/ and microwave
ranges.

Let us examine several possibilities of elucidating charac- /98
teristic features of cloud ensembles over a quiet water surface.

1. Ensembles of one-layer cloud cover with different tier
altitude differ in the radiation temperatures in the infrared
range. The thickness of cloud layers 1s estimated from the
moisture reserve.

2. An ensemble of clouds of vertical development and multi-
layer structures are distinguished from the feature of the
combination of significant altitude of the cloud top, 6-8 km,
and a marked increase in the radicbrightness temperature due to
the high molsture reserve in clouds.

3. An ensemble of clouds with falling precipitation 1is
characterized by a sharp increase in the radlobrightness of
the system underlying surface-atmosphere owing to radiation
from large droplets and tThe appearance of polarization effects
cwing to flattening of the droplets.

At the stage of estimating meteorological and hydrological
parameters for a selected ensemble, models of the states of the
atmosphere and the underlying surface are brought into considera-
tion. The number of parameters in the models 1s arbitrary to
some extent and can vary, depending on the complex of observa-
tional facilities.

The following problems in microwave sensing representative
of a cloudy atmosphere can be presented by way of example:

1) a three-parameter model where the temperature of the
underlying surface, the total mass of water vapor in the atmo-
sphere, and the moisture reserve of clouds are determined;

2) a four-parameter model, 1n whilch additionally the altitude
of the cloud layer centered from the moisture content distribution
ig estlmated; and

2) multiparameter models containing parameters of vertical
profiles of humidity, temperature, and intensity of precipitation.
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4. Determination of Integrated Meteorological Parameters

4_1) The relatively low optical thickness values of the
atmosphere in the microwave range (with the exception of course
of oxygen resonances) make it possible, even when cloud cover is
bresent, to formulate the problem of determining several inte-
grated meteorologlcal parameters from measurements of the bright-
negs temperature spectrum /13, 15- 18/ Firet of all, these para-

i &

meters include the integrated content of water vaporiQf=SPvWﬁi
oo o0 .

and droplet water in clouds W’ﬁglﬁ(@d , as well as.the effect
o -

P

of cloud altitude HW'

Since the ratio of the absorptlon coefficient in water vapor
to the density of water wvapor qumv ( varies with altitude much

~

more slowly than pv(h) (see (3.1)), total absorption in water

vapor TM q can be described analogously to (3.10) as follows
3

-T).,ngT).,th::E?.O- (4.20)

JESR SU —,

As shown in section 2 of this chapter (see (Y4.15)), to the
Rayleigh approximation the absorptlon‘yklw is proportional to W.

The coefficient of proportionality C (lD depends on temperabure

(since the dielectric constant of the droplet liquid depends on
temperature). As can be seen from PFig. 4.1, this function can
be assumed, approximately, to be ilnear:

cl(x) con Tt +a, ;U”"” (4.21)

where C, (MlTO) is the value of Cl(kD at temperature T_; a N is

a coefficient whose value can be estimated if we know the depen-
dence of €, £, and A on temperature.

Referring to (4.15) and (4.21), we get the result, by using
the thecrem of the mean:

" 330G (. T  Ty—Te
:??.,IV—--TW(‘[*FG)‘——E%“—),/ (4.22)

1021



where TW is the effect of cloud temperature. Assuming that the
tempersture 1ln the troposphere falls off linearly with altitude
with gradient Ty» from (4.22) we get

T,w = é).II;V ‘-%- & W Hyy, / (4.23)

where 'wa:(ghlefaqj is the effect of cloud altitude. Expres-

sions for the coefficients in (4.23) become obvious upon comparison
of (4.22) and (4.23). Since total absorption in oxygen can be
calculated with sufficient accuracy, then by determining the

total absorption

o=Bot Bet o (4.24)

at several wavelengths, we can get estimates of the integrated
parameters.

4-2) 1In order to relate the integrated parameters to the
brightness temperature spectrum, let us write out Eq. (4.18) in
the followlng form:

B == ROToe ™ FTh L — ™+ TR — e (4.25)
The effect of temperabture T¥ and T¥#¥ in (4.25) are defilned as
follows: /100
\ \ Y, (T (M)exp {— S T, (B" dh’} dh
| T = —al_m ‘ ES) .0 i [
R T, (Mexp {-—\ T, (1) dlz’} dh
a R
. o h
: \kaAJWMexp{—§11Wth}dh (4.26)
| -TM == “ o h a
g T, (Brexp {— ST?' A"y dh,’} dh
1}

1]

The temperatures T¥ and T¥¥ have the same physical significance

ag the Te A introduced in Chapter Two for a homogeneous cover.
3

The difference between T¥ and T## characterizes the manifestation
of atmospheric nonisothermicity in outgeing and incoming radiation.
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In conditions when 7)| ig small, the difference between T¥*
and T*¥¥ is of the order of'ypﬁfghﬁ while T¥ and T¥##* arewof the

order of FohT (where‘hy is the characteristic altitude for the
absorption coefficient). For oxygen hy = 5 km, and for water
vapor hy = 2 km /147,

4-3) To get estimates of @, W, and HW from brightness

temperature measurements, to the first approximation we will
assume that T* = T¥¥  and we will denote

anenTr

Under this condition, from (4.25) we get

. (1 —=1) AT,
T = n[znllrn—-jrlg——
N n / (I — R, AT,F 0 Ty—Ty 5, — AT, :
%*L' LA (Ta— ATy T T — ATy (4.27)
The sign "+" is taken for -

L TTA=R)AT
B

Assuming that Rk\and TO are known in advance. (or have been

determined from radiometric measurements at long wavelengths),
and AT have been obtained, for example, from mean-climatic data,
we can determine'TM for several wavelengths and then solve the

the system of équations:

T o, = 00 + O + EWHw. / (4.28)

The selection of wavelengths in the system of equations (4.28) is

made sc that the determinant of the systeml reaches a maxinmum. )

One of these wavelengths must deliberately lie within the neigh- /101
borhodd of the 1.35 cm resonance in order to get estimates of Q.

o .
1 System (4.28) can be viewed as a system of linear equations if
we Introduce the additional unknown ;ﬁi;!;WE;q
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The system (4.28) can be used only to determine @, and this
case was analyzed more fully in Chapter Six where we discussed
the results of determining Q from satellites.

To determine Q, W, and H,., we need as broad a range of wave-
lengths as possible in order "that in the measurements the
dependence of the ceoefficient a3} introduced in (4.21) on wave-
length can be manifested. Otherwise, the system (4.28) degener-
ates and the determination of W and Hw becomes impossible. In

this case, to find W we must independently determine the effective
cloud temperature Tw by using, for example, apriorl information

on the cloud cover type. The error in determining the integrated
parameters assceiated with the assumption of the equality T# = T¥#%
and with their indeterminacy can be somewhat reduced by iteration,
by using the values of Q, W, and H,;, calculated in the first
approximation for revising the values of T¥* and T¥¥, The esti-
mates obtained for calculated models show that the iteration
reduces the error of determining T¥ and T*# down to 3-4C K.

h-3) The system of equations (4.28) allows us to obtailn
estimates of errors assocliated with the errors in measuring
brightness temperature, the indeterminacy of the blackness
factor of the surface, and other exfternal parameters. However,

a mere graphlecal result glving a general idea of the possibilities
of determining integrated parameters can be reallzed at small {wd

from Eq. (4.25) linearized in %). By expanding exp (- %p and
by limiting ourselves to first-order terms in.ﬁﬁ, we get

'%{_n@_'ﬂ#an GVJWPR(%—IHﬁ} (4.29)

By dropping the last two terms in the brackets as being inessential
for the analysis of the errors of measuring brightness temperature,
we get the system of equations

_“Tgb4-@ﬂv+-£nVHw —§%%Ta105- - Ty ) ] (4.30)

where Tb M = TO (1-:jﬁﬁt;23{i;;;] The solutioq of the aystem
of equations {4.30) for the unknowns Q, W, Mqﬂ1) with the right-
hand parts obtained from measurements at three wavelengths Ml,

Ab
the inverse of the matrix of Eq. (4.30). Let us use the matrix

, and Ag can be written by using the matrix ﬂ*LAﬁ that is

i HW to estimate the effect of the errors in measuring Tb B
2
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which are characterized by the dispersionstﬁﬂci,aﬂ . By assuming
the errors of measurement at each wavelength tTo be independent,

%, the estimates of the dilispersions
fd%,U%& and Uégx can be expressed as follows:

and their dispersions to be

Gy = (M3, + M3, + M3y 55,
* Oy = (Mo - MY+ M) 5, (4.31)
%y = (M3 4 M3y + M) 5%,
———T T T e

4-5) 1In order to obtain a quantitative idea of the effect /102

of errors in measurement of radiobrightness temperatures on the
determination of the integrated parameters, a model with single-
tler ecloud cover 1 km thick at altitude from 0.5 to 3 km above

a gquiet water surface was considered, with the other atmospheric
conditions faken as standard. The moisture reserve of the cloud
cover W varied from 0.3 to 3 kg/me. Table 9 gives the character-
istic values of the noise error coefficients calculated by A. N.
Tsvetkov and M. S. Krylova defined as the ratio Gdcyﬂmﬂam\ and

lﬁﬁﬂﬂ@ﬂ for several triples of wavelengths (the frequenciles
r = cO/M is indicated in the table). In each triplet there is

included a wavelength in the reglon of water vapor resonance.
The data given in the table show that use of radiation at the
wavelength A;ﬁ 0.8 em (f = 37.5 Hz), when the error of measure-

ment of brightness temperature values is Tb 3 > 1° K, provides
3

‘virtually no additlicnal information on the effectiveﬂcloud
altitude Hw for clouds with moisture reserve W= 0.6 kg/m2 (for

which the estimate scheme examined here is valid). In order to
obtain by the above-described method, data on altitude Hw, it

is desirable to use shorter wavelengths, in the range ) ~ 0.4 cm,
given the condition that the measurement of the brightness
temperatures of the order of 1° K is exact. The measurements

te this precision in the 0.4 cm range at the present time pose
certain technical difficulties.

The linearization of Eq. (4.25) and the conversion from
system (4.30) to (4.31) alsc introduces approximaticn errors.
Use of Egs. (4.30) by virtue of their slmplicity in several cases
proved to be preferable, given the condition that the coefficients
¥, Q) and &) constituting the matrix of system (4.30) were

selected from a set of apricrl data. In addition, depending on
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TABLE 9 COEFFICIENTS OF NOISE

ho(GHE)
f EGH.z)
fa GHZJ

-:QBT((g/cmz-@ég) 0,12
: Twl/Sy (kg/mzféegl 0,12
| aGENVsT-(k%/degl £,0

[
—~1 Lo 0o
.

[ R SV

.

22,2

275

45
0,11
0,055
0,8

ERRORS

22,2 | 22,2
30 27,5
45 70
0,0 | 0,087
0,057 | 0,028
058 | 0,27

the type of radiation spectrum, here the meteorclogical situaticn
is determined in the zone of measurements and the particular

matrix in Eq. (4.30) is appropriately selected.

Estimates show

that a set of two matrices makes 1t possible to reduce by several
times the approximation error compared with a single matrix.

k_6) The solution of the problem of zZones where precipi- /103
tation can possibly appear can be carried out in two stages:
the first involves detedtion of precipitation and the second
involves estimation of @ and raln intensity.

At the stage of detection, estimates are made of the radio-
brightness temperatures over sections of about 0.8, 1.6, and 3
cm and the resulting estimates are compared with threshold values
adopted as criteria for the detection of the zones of falling

precipitation. In the second stage,

the dependence of absorption

on precipitation intenslty was used for estimating the lntegrated

meteorological parameters,

intensity.

including the estimate of precipitation

When the problem of determining the integrated parameters was
examined, 1t was assumed that the blackness factor of the surface
even over the ocean this para-

=1 - R,i was known.

However,

meter can change owing to agitated sea states and the presence
of spume (see Chapter One) within certain limits. Therefore,

reguires independent determination.

with slant sensing can be used to determine dk? Estimates of

the errors in\determining Q@ for sensing at two wavelengths at
the nadir are examlned 1in Chapter Six.

1
Kol

Polarization measurements
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5. Reconstruction of Temperature and Humidity Profiles When
Cloud Cover is Present

5-1) The problem of reconstructing vertical profiles of
humidity and temperature in a cloudfree atmosphere was examined
in the preceding chapter. The solution to this problem, when
¢loud cover is present, becomes conslderably complicated by the
clrcumstances that absorption in clouds is weakly selective by
wavelength, while fthe cloud cover parameters -- molsture content
and its distribution by altitude —-- vary so significantly that
the mean-climatle data cannot be used.

Let us write Eq. (H 18) as

Ty §T(h )7 10 =T / (4.32)

-

When ¢loud cover 1s present, an unknown absorptlon in clouds
appears in the kernel of This equation. Therefore formally it

is not possible to solve Eg. (4.32) for the desired temperature
profile T(h). Similar difficulties arise also in the reconstruc-
tion of the humldity profile.

However, for an actual c@oudy atmosphere, the situation of
the reconstruction of the vertical profiles from measurements
of radiobrightness in the mlcrowave range does not appear so
hopeless. First of all, ice-crystal clouds practically spezking
are not a source of interference for operation in the microwave
range, and it is here that its advantage over the infrared range
lies. Secondly, condltions can be determined in which the moisture
reserve of clouds 1s not too high and in thils case we can outline /104
a realistic way of canceling out the effect of!cloud cover on
the reconstructicon of vertical profiles of metecrological para-
meters.

5-2) In order to quantitatively estimate the effect of
cloud cover on the emission spectrum in the oxygen absorption
band, let us examine a c¢loud layer model whose upper boundary
is at the altitude Hmax’ and its lower —-— H , . We will assume

min
the layer to be thin, that is, H - H < (H /2.

max min max * min
We will let Hy stand for the mean altitude of the cloud.
This model is quite tlosely reflects the characteristics
of the effect of cloud cover and enables us to obtalin gquantitative
estimates. Schematization greatly zsimplifies the algebralec
operations and enables us to represent the estimates obtained
in a quite compact form.
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Let us write the expression for brightness temperature (4.18)
in the following form:

|
By =(1— Rye >zn+S T (h) exp (— T + Tu (B) S dh +

H I
|

+ R} T(h) exp (-— Ty~ Ty (h))—dh

' o (4.33)
| T (R) =S YA, =\ 1.(h) dh.

Since in the following we will find the effect of cloud cover,
let us single out in (4.33) the linear absorption in the cloud
71 W denoting the absorption of a cloudfree atmosphere by YM

Slmllarly, we 1ntroduoe notatlon for optital thickness:
\l = T}\ “l“{TlW, : f'll'}L h = T;\ (h) —|— T;\“r (h) \

Let us estimate the difference in brightness temperatures
of a cloudy atmosphere T' \and a cloudfree atmosphere T® xk{for

the same distribution of temperature and humidity. when
we get, To a precision of the order of .« the following

RW’
me .
expression for the unknown difference Tb AT b,M

0
b B T-'),WB_”‘{T (HW) "1 (Hw) { + R e—zrl(HW)I -

c. Iy o
+ = Lot =)= § T PR () dh—
© - ' (4.34)
— R\ T) o 08 dh— R\ T (%) M gy dh 1}
| Hw 0

,v/

From (4.34) we can see that the manifestation of ecloud cover,
owing to the presence of the cofactor e“T%}Wlll be most substan—

Loy,

tive in the wings of the absorption band when m 1ﬁ_3 '\ - /105

that 1s, precisely at the wavelength A where measurements yleld
information on the distribution of temperatures in the troposphere.

The first term in the braces describes the contribution
made by the cloud to radiation, and the second, always negative,
ig derived from the attenuation of surface and atmosphere emission
by cloud cover. Over a falrly wide range of wavelengths, reflection
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coefficients, and possible variations

2 :§§§:~T<§ in the temperature profile T(h), the
N2 value of the difference 7;| tends to
S;:ﬁs&f%%%gﬁ zero for certain values of Hy . Thils
\~%Q . ) .
NN — conclusion is valid not only for
\2@6\\\\\: . N -
\;?\\H\\ small-;ﬂw, which is indicated by the
=
3%£§EEE§:::: results of numerical calculations in
R /187 shown in Fig. 4.4, Calculations
‘?=~:::::::: - in /18/ were made for the wavelength
> T A= 5.592 mm (frequency 53.65 GHz),
P for a standard atmosphere, and for
@”‘“hwq*:% : clouds with different moisture 3
-——%W——ﬂ__w reserve, whose optieal thickness ﬁﬂw

7 i ke/me reaches several units. The data given
“hn kg/mt LSl |
e in Fig. 4.4 reveal that for the stan-
dard atmosphere c¢louds over an ocean
Fig. 4.4, Calculated at the altitude H; ~ 3 km do not

dependence of difference  y .. ne manifest ia the radiation at

1 o - rad
b,y T Tbili on this wavelength, for which .~ 2\

mean cloud altitude H

Ial=

=

Eq. (4.34) can be used to solve
the problem of Feconstructing the |
vertlical temperature préfile T(h).
To do this, let us represent it in
the following form:

and molsture reserve W
of c¢loud 1.5 km in
thickness—/18/
The numbers alongsilde
the curves repregent

_mo . . 3 . e e
Tb,)\] Tb,;\"‘ in K e c— 15 e e e e . )

Tyyr = =\ Ty, By an, (4.35)

—_— 0 R .

S

where.%ﬁ]is the kernel of the integral eguation (U4.18) without
considering cloud cover. The quantity measured 1s Tb sidand Rqg.

(4.35) differs from analogous equations examined in thé preceding
chapter by the presence of the additiocnal term :LL which must

be independently measured. From (4.34) it is clear that only
the integrated cilioud cover parameters appear in the added term

ﬁﬂz% its altitude HW and optical thickness TﬁW' The possibility

of independently determining these parameters from measurements
outside the resonance region was examined in the preceding
section.

Let us estimate the error of calculating ﬁﬁ} associated /106
with the dinaccuracy|of the determination of Hw. Differentiating

(4.34) in Hy» we find
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ey dr (o) 0 . _
w| 1. ( W 55+ 25 (Hy) ) o2y (Hyy) )
. 31‘[“, = T, W l—dll - [ [1 s R,e } } .

H

(4.36)

——— e — e L ' T,
P s -

In order to gain an idea of the size of the error, let us sub-
stitute into (4.36) reasonable estimates: dT (H )/dH = 6-8%:

= © = -] o = . =
K/km, =75 + T}ﬁHw) 1, TM(HWJ 0.5; and RM 0. M. Then

we get

a7, e
-y, =CE0 =34 1 °K/k_m

-
< 0.2—0.3, the error of the determination of

that 1s, when TMW

'y;\ due to the imprecision of determining HW in 1 km does not
exceed 0.5~ 1° K. We note that the optical thickness TMW = 0.3
at the wavelength M 0.55 em corresponds to a quite appreciable

moisture reserve of the cloud: W = 0.2 kg/m

We note that |the estimates for models where no assumption
of small cloud thickness and low moisture reserve was made lead
to similaPr results.

5-=3) This examination of the c¢loud cover model enables us
to outline the following approach in solving the problem of
reconstructing vertical temperature profiles from measurements
of microwave radiaticon when cloud cover is present. Let us
represent the kernel ﬂ?&.iﬂ and the temperature profile T(h)
in Eq. (4.32) in the form ™~

R U

A h) T (A B - 8¢ (0, h),

T'th) = T’( ) + 61‘( 2

(4.37)

where ¥ (1, )} 1s the kernel of the integral equation corre-
sponding to the cloudfree atmosphere with mean-climatic tempera-

ture distribution T (h); 6T (h) are the temperature varlations

we seek; 8% (M A} is 2 [small addition to the equation kernel
that is to be determined. Substltutlng (4 37) into (4.32),
get R L
' — ? — !
T(h) 7 (b, B) — § 81 () 5 (b, ) dh +
! ; (4.38)

T (h) 0.2 (n, ) dh +S T (h) 8 (A, B) dh.

Tyi» —
J

+

St =Q/DR
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In the first stage of the calculations, the last term on the
right=hand side of (4.38), being of the second order of smallness,
can be dropped. The second term _ /107

C o =S Twew o, kyan /
0 . v A

?u§§§jj based on (4.34) with T(h) = T (h)

and with the wvalues of 7

can be calculated when

L

M W and Hw determined from measurements
3

outside the absorption band. Whatever the value of &) is
determined, the equation )

o0

Tar =\ TWF O 0ydh— 3, = 67 ) F G iyan |

0 0

can be solved with respect to 6T (h) by methods examined in the
preceding chapter. ‘

In the seccnd stage, 1feration can prove useful in refining
the solution.

The scheme of allowing for cloud cover in the solution of
problems of reconstructing the vertical profile has been cutlined
above only in the most general terms. In the followlng, much
work remalns to be done in revising the limifs of applicability
of this scheme with reference to both actual atmospheric condi-
tions as well as possible variations in the radlation from the
underlying surface. However, preliminary estimates show that
if the optical thickness of clouds 1x10.3, we can anticipate
the successful reconstruction of the témperature profile. This
optical thickness at the wavelength 0.55 cm corresponds to a 5
ecloud cover with a molsture reserve equal to about W = 0.2 kg/m",
"or a molgsture reserve of a cloud of 0.2 g/m3 for a 1 km thick
cloud.

The above-developed approach to solving the problem of
reconstructing the vertical temperature profile can in principle
be also used in reconstructing the humidity profiles when cloud
cover is present. However, in thisg direction further research
is also needed.
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CHAPTER FIVE

PRINCIPLES OF CONSTRUCTION OF ONBOARD RADIOMETERS

1. TFormulation of Problen

Equipment intended for receilving and measuring fluxes of
-radiant ,energy in the corresponding ranges of the electro-
magnetlic spectrum must have the followlng obvious properties:

1) they must be able to receive radlation with a specific
spatial resolution;

2) they must have high sensitivity;

3) they must be capable of estimating guantitatively
radiation fluxes to a high precision; and

1) they must make 1t possible to uniquely tie-in (withiln
the limits of resolution) the fluxes. measured to the spatial
coordinates of the corresponding emitting elements.

Accordingly, microwave radiometers Intended for remote
measurements in the radio-frequency range must include at
least three indispensible components:

1) an antenna system providing spatial directivity of
the measured fillux and its conversion into g | directly measurable
GHantity | -— antenna temperature;

2) a radliometer detector capable of measuring the antenna
temperature with a given sensitivity and precision; and

3) a mapping device for uniguely comparing the position
of the emitting element in space with 1ts radiation intensity.

The different functions dictate essentially different
forms of Fadiometer design and different approaches to radio-
meter constructlon depending on the following:

1) whether the equipment is to be placed on a staticnary
platform or on a mobilile vehlcle;

2) whether the equipment is to be operated by personnel
or whether its operation is to be purely automatic; and
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3) whether it 1s required to obtain conveniently perceiv-
able qualitative patterns of the presence and the relative
arrangement of variations in radiation intensity (gradient
reception) or whether a more or Xess exact measurement of the
absolute radlation intensities at points in the given region

~of space is required.

1161

Below we will examine the general characteristlies of radio-
meters, we will estimate their potential capabilities, and we /110
will determine the limiting values of radiometer paramelers
and methods of approaching them.

The requirement of high sensitivity to variaticns in the
radiobrightness temperature and the precision of thelr measure-
ment when there is a constraint on the time needed to scan a
certain region of space unfortunately contradicts the require-
ment of detailed scanning of the given regilon. Accordingly,
Wwhen each specific problem i1s being solved, flrst one must
solve the problem of the amount of detall and completeness of
fhe information obtained, which is most intimately bound up
with the method of scanning space and the method of achieving
the spatial resoluticn.

Owing to the physical features of the apecific functions,
sometimes successive orisimultaneous measurements at different
frefuencies can be necessary. In particular, when studying the
atmosphere,yits physical parameters, and its hydrometeorological
state, several problems as was indlicated above,can be solved
by using a multichannel radlometer. " Here several radlomefer
detectors must simultanceously recelve radlation from general
spatial elements at several frequencles.

2. Relations Between Antenna and Radiobrightness Temperatures

2-1) As indicated above, antennas in radiometers of any
type must transform in as great detall as possible and as
uniquely as possible the radiobrightness temperature of some
spatial element, which is a measure of the intensity of’itﬂ
energy flux in a glven directicn, into the antenna temperature
measured by the radiometer receiver.

Since the emitting elements in the general case as a rule
are distributéd continuously in space, forming some radio-
brightness terrain TP (g, ¢ ) in all the possible directions,
and any actual antenna exhibits nonideal directivity properties,
that 1s,.1lt receives radiation energy not from one, but to some
extent from all directions, whiech gquantitatively is expressed
by the front-to-back ratio G (0 - 6_ 35 ¢ - ¢,)» and the antenna

temperature Ta only approximately maps the radiobrightness tem-

perature in the given direction.



_ __ The antenna temperature E; is determined by the familiar
/1 / expression -

Ty= be(ﬁ;cp)G(B—ﬂ ;¢ — o) db dep.
»_”ﬁr v R (5.1)

Hence it follows that the mapping error depends on the position
of the axis of the antenna radiation pattern (Bﬁ(%ﬂ and the
changes along with 1t. -

Only in rare cases of investigation is it required to /111
measure the radiocbrightness temperature in some single fixed
direction. Much more often it is necessary to investigate the
distribution of radiobrightness temperatures along some contln-
uous sequence of elements of space ("profiles") or within some
solid)angle (when scanning a given two-dimensional region of
space).

Various types of antennas can be used for remofe measure-
ments of radiobrightness temperature in a given direction, along
some trajectory, or within a certain region: from the
simplest -- single-element -- to complicated multi-element
antennas, with different methods of mutual multi-element
processing of signals. Single-element antennas for detalled
reproduction of radilobrightness terrain mist provide for
variation in space of the location of their radiation pattern --
-— they must carry cut scanning; but multi-element antennas can
in principle reproduce the radiobrightness terrain with fixed
radiatlon patterns owing to some program of processing signals
from different elements /2 /.

Owing to a number of fundamental difficulties, multi-element
antennas thus far have found use only in radioastronomy. 1In
systems for investigating suffaces and the atmosphere of the
Eapth and planets from flight vehicles, principally single-
element antennas with rigldly fixed beams are used 1n obfaining
"profiles", and with mechanical or electronic control of beam
position ~-- when 1t 1s necessary to scan.

As can be seen from Eg. (5.1), in theory one can reconstruct
the distribution TP (8, ¢ ) if one knows T (6,5 ¢o) and G ( =~ & ;

b- 6.).

2-2) Let us examine three idealized cases when the solution
of the problem reduces to simple calculations.

a) If the antenna radiation pattern is 1ldeal, infinitely
narrow, and free of side or back radiation, then

G0 =05 ¢ —po) =8 (0 — 0,5 (9 — ),
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where 6 is the delta-function, and Egq. (5.1) yields

7, (eu;"fpo) ~ ({750, 9 6(0——60 86— ) d0dp = T8 o),

(4")

that is, as a result of scanning with an 1nf1n1te1y narrow bhean
free of slde and rear lobes, the radiobrightness terrain is
reproduced absolutely exactly, without distortions.

b) If the antenna radiation pattern is an ideal isotropic
sphere, then,

. 1-
G (6 — 8, (P—(}'o)=Er: |

and from Eq. (5.1) we get

~
‘_l.
'_I
]

|

T (Bo; @) = %S 7@, 5)a0 o = (Tb;);;, f \
(47} !

—_—— e s e

that 1s, during scanning the antenna temperature remains constant,
equal to the mean value (Tb) of the radiobrightness temperature

of the entire ambient space.

c) If the antenna radiation pattern is a spatial conical
cone with finite width Q with constant pgaln A and zero Smdei ' J
and back lobes, then

G (9 90, — o) = e : ey
| ‘4”—*fonMP %l<—— 19 &ﬂ<

AO
0 'f_orﬂfP—(PoIE—" 16 —8,] >

Here we must examine an important, cften-encountered case, when

‘the object of observation {(target) with a radiobrightness tem-

perature TE visible from the antenna side at the sclid angle
Qt less than the antenna beam&) is located against the back-
ground with constant radlobrightness temperature TE? that 1s

ch(e p) for',QE(q;b

vy
40, @) = | |
o b(9 ) forgﬂe.-t,

¥



where ' sz(e (p)} Then Eg. (5.1) yields

(ot T) (ot T . .
To@ugy=4 § a0 § T@ade=o- | 7o@d2+
: A- LR —
- (=30 (=T kst
+o- I @ a9,
“begd, -
where 92 = sin 0d6°d d If, in addition, T(? (6, ) = T(f = const
and TE (8, ¢) = T = const, then. |
T by 7L
T (eu,q)o)—-—\—be t)+ Q ‘Q _dT@_!(-(T T‘t‘) qu' (502)

' - . . e —_—

Thus, in this case the antenna temperature is added from the
background temperature and the temperature rise due to the

object lying in the antenna beam. If the ratio of solid angles

is replaced with the ratio of obJect area St to antenna beam- /113

spot area S and the differente (TE - TE) is the contrast
AT £ . of the @?fggﬁ‘with respect to the background, we get
the target parameter My /3_7:

b St

t

M, = AT _ s
¢ Sg /spot/

t

in terms of which it is convenient to express the antenna
temperature in this case when St < SS. In the general case

of a real complex object with arbitrary distribution of radio-
brightness temperature over its wvisible surface, the target
parameter will obviously be expressed as follows:

When an object entirely fills a beam, that is, S% = Qbe or

Stza SS, the inerement of antenns temperature due to the object

will be precisely equal to the brightness temperature of the
cbject.
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2-~3) In the general case, as can be seen from (5.1), the
problem of reconstructing the distribution of radlobrightness
terrain from the measured rellefiof the antenna temperature
reduces to solving the Fredholm’ integral equation of the first
kind, for which a small change in the value of Ta (for example,

measurement error) can entall large changes in the unknown
distribution T° (6, ¢ )-

Introducing corrections into fThe guantilty T belng measured

in order to bring it closeruto Tb can be done from the measure-
ments of antenna temperature in some vicinity around the point
being correccted ori by use of apriori information on the distri-
bution of temperatures in this vielnity.

In those cases when operational acquisition of data on a
real-time basis is needed, intrcducing corrections into the
quantity Ta being measured in order te bring 1t closer to the

true value of Tb is virtually impossible, and it 1s best to

pose the problem differently: what requirements must be 1mposed
on the antenna radiation pattern in order that the distortions

of the quantity T being measured compared wi’ch the true value ‘of TR be

assumed to be 1n51gn1flcant and acceptable.

From this point of view, The effect of the uncontroliled and
random (owing to the effect of the vehicle) part of the antenna
radiation pattern beyond the limits of the principai lobe and
the random, in the general case, nonstationary distribution of
temperatures in space 1lg best reduced to some random, nonstation-
ary noise at the antenna output. Statistical characteristics of
thig nolse will be determined by the specific kind and conditions
of use of G B _ ¢, dt:ﬁﬁiw and also by the specifie assighment

ar ]
of the statistical parameters Tb (¢,0 ). Here the signal of the
output of the antenna, that is, the antenna temperature, can be /114
represented as Tollows:

L T (007% S Ih(e )G (8—8,, (p—lpo)sinﬁdﬁdq;—}-
{Qpr . .

: b

| + §§ 7 (chP)'G(B‘—em ¢ — o) 5in 0dO dp =

(m—Cppy

= Ta.pr- (05, 9) + 0T, (8, o).
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Now the signal Ta.pr distorted

by the random additive noise 6Ta

will be useful. Statistical
properties of this noise will be
determined by the structure of the
antenna radiatiocn pdttern outside
the principal lobe and by the
distribution of brightness tempera-
tures in the entire space around
the element being resolved, which
is sighted at the gilven instant

: principally by the main beam of

the antenna radiation pattern. Obviously, these conditions

will vary both during scanning of space by fthe beam of an antenna
located at some fixed antenna point, as well as in the absence
of scanning, but with a change in the antenna site.

Fig. 5.1. Model of antenna
radiation pattern of radio-
meter system

The model of an antenna radlation pattern 1in the form of
a spatial conical principal beam Qbe and an 1sotropic spherical

body in the rest of the region of space, as shown in Fig. 5.1,
has gained fairly wide acceptance.

Here

4 reddecty
@={; for/Qs (in— g).

From the condition of normalization

\ 6(9)d0 — 4x

an

we get

AQ i+ Bhm— Q) = 4n.

(5.3)

__ Here the relative value of the second term is, by definition
/E_/, the scattering coefficient of the antenna }p:

—_

g 2 (5.4)
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having the physical significance of the fraction of energy /115
received by the antenna radiation pattern beyond the limits of =~
the principal lobe, with respect to total energy received by _

the antenna, glven the condition that the distribution of radio-
brightness temperatures in the ambient space is isotropic.

From (5.3) and (5.4) we find the model parameters:

| ha =B o
A AP B = ——————pB
Qpe & —__nge

We note that the scattering coefficient f is associated
with the flare-use factor J employed in the antenna equipment
by the simple relation

r'i—ﬁ /

When the radiobrightness temperature TE is being measured
from an object with area St that is small compared with the area
of the antenna beam spot S located agailnst a background with
brlghtness temperature T¢, and when the radiocbrightness tempera-
ture T

b,
pattern, the antenna temperature ’I'a so wilth reference to scatftering,

*

falls in the scattering reglon of the antenna radiation

instead of the Eq. (5.2) examined earlier, will be defined by the
relation

. D b t 7 =
o ¥ (1= B LIy * ATy o5~/ = . £5.5)

=b b b =
= [Tg+ B (Tgy oo - Tp/ + (1 - pIM,.

From (5.5) it follows that owing to scattering in the antenna
temperature, the contribution made by background radiation rises
and the effective contrast of the target diminishes.

2-4) The presence of inevitable ohmic losses in the antenna
components leads to the external signals arrlving at its output
attenuated by ", times, where N is the system efficiency %~

~— defined as the ratio of signal power at output of an actual
antenna to signal power at the output of an ideal, loss-free,
antenna.

Chaotic charges and currents of a thermali nature]arlsing in
antenna components such as reflector, waveguilde assemblles, and
gso on, owing to the finite conductivity of the material, lead to
the appearance of noise filelds of radiation, whose summation makes
it possible to find the natural antenna temperature, proportional
to active losses 1n the antenna and its kinetic temperature T
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If one considers the losses, the antenna temperature proves
to be associated with the radiobrightness temperatures of the
backgrounds and the object analogously, but in a somewhat more
complicated manner:

Fa=tTasert (1 = - To = (Ty + 17§ — Tl B TR~ T+ |
I —g) M1 e T (5.6)

Hence it follows that to find the brightness temperature of an =;/116
object TE based on the antenna temperature Ta measured in real -

conditions, we must know the valueiof N, and p of the antenna,
i1ts kinetic temperature To’ and the brightness temperatures of

the background: the background lying in the antenna scattering

zone -—- Tg so and in the principal beam Tg. We note that when

the target completelyifills the main beam of the antenna, the
following condiftions are satisfied:

- = b
,,=8 orsS_=8_ and Tgp = 0,

and Eq. (5.6) becomes

.Ta = ;1': (1 — ‘5—5’1? +MaB- Tgsci('l‘—‘ Ma) 7. { ( 5;‘37) . S

2=5) Thermal radiation by its nature is chaotically
polarized. Buf on passing through interfaces with differing
dielectric properties, the radiation becomes more or less
polarized. The polarization is commonly estimated by the
peolarization coefficlent Kp

et
Py Ty

—_————

where Tﬁ and T? are the radliobrightness temperatures of the
surface under study upon reception of two components of polarized
radiation, vertical and horizontal, respectively.

In many cases of remote sensing of surfaces (cover),
receiving and measuring radiobrightness temperatures in two. Y
independent polarization is of infterest (see Chapter Two ).
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Since 1n onboard conditions the use of separate antennas
for receiving polarization components of radiothermal emission
1s difficult, it becomes necessary to separate the total radia-
tion energy into two components in the same antenna and to ensure
the maximum possible decoupilng during the reception of these two
components.

Considering that the energy of the radiation received is
proporticnal to the band of the. simultaneously recelved fre-
duencies and, therefore, as thls band becomes larger the sensi-
tivity of the radiometric measurements increases, often stricter
requirements can ke 1imposed on the antenna system of the radio-
meters as to their broad-band capacity.

finally, when several frequency channels are used simul-
tanecusly, beams in space may have to be combined for the
different wavelengths used.

3. Types of Radiometer Receivers., Their Maximum Sengitivity, /117
and Accuracy of Antenna Temperature Meagurements

3-1) A radiometer of any type is a device which, as part
of g radiometer system, 1s designed to measure antenna tempera-
ture Ta with highest possible sensltivity and accuracy.

Since /5 / the measurements are taken in some finite fre-
quency band Awp and during some finlte time interval 7, we can
speak of the mean value of the measured energy E_:

' hv
By = o Avr.
e

Owing to the statistical nature of thermal emission, the
energy measured by the radiometer in the band Av in the time 7
will be a random variable with the following dispersion:

T i E
cfn;r——*E,[hv—}—-A—‘;-}. /
The 6Ta that satisfies the relsastion

B aE. L
OF. = éTa "5Ta-‘

can obviougly be taken as the measurement error and system
sensitivity.
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Assuming that the maximum error of energy measurement 1s
determined by its dispersion, let us find the condition

. 6E1:5E”/

which, when the above-indicated expressions are taken into
account, will yield the familiar result /5, 6/:

hv
r, B Tsza)

T Vaw (.L_)

TR,

(5.8)

for the minimum possible error (and sensitivity) when measure-
ments are taken of thermal noise in the band "Av in the time 7.

From the equality
E‘c = GE.‘ {

we can find the minlmum energy measured in the time 7 in the
frequency band 'Av:

: (E“)min: hv [1__&1’,_{_]—1' /

As  MT— oo, we get the obvious result: the minimum measured /118

error 1s one quantum. From (5.8) we can find the minimum possible
measured temperature (TW):

_ hy
(Ta)mm Ko (Ave) [

(5.9)

It should be noted that The minimum error of temperature measure-

ment (6Ta)min is found when TOpt >'(Ta)min’ where Topt is defined

by the equality

oo L WY or 7 KT = 1,25-107 f(Hz ) (5.10)

KT oo 7 KT ot

and depends on the frequency v and the product AUVT:
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Tl
, o T, ﬂ( KTont 10~
(67 a)min[* K1 = V%% bh( rﬁpt% = &giif“ vi(Hz). (5.11)

Tt

The dependence of the maximum sensitivity (and precision)
of the measurement of thermal nolse éTa on level Ta’ with

reference to the constraint (5.9) and the extremum condition
(5.10) and (5.11) is shown in Fig. 5.2.

When actual receivers are used, one must consider the
additional noise produced by ohmic losses in the antennaltand
the line, and also the intrinsic receiver noise recalculated
for the input. | ' )

In this case, the total energy arriving in the band Af at
the radiometer input ET will be
U e E g nFes B |

Ty &
the energy of nolse received by the antenna; ET ¢ yis the energy
3. x4

where nﬁ gis theAefficiency of the antenna-feeder line; E is
t

of noise excited in ohmiec losses of antenna and line; and ET n
>

is the energy of the intrinsic receiver noise, where the following
relatlons obtain for all cases of practical importance:

"E;",“;';E*T:Qi}{;' Lﬂ ;i{'@fi’ﬁ; E.n =kT, Af. {
Now if 1t is assumed that
' EY

6E1 _ ara '6T3 = ‘-JE._., -r

we easily get

6T _ i) i Ty
A v '

(5.12)

If the line losses are neglected, that 1s, 1T we assume
ng -1, we get an expression that takes 1nto account only noise
in the high-frequency part of the recelver:

Ty + T,

.BTH%W. (5.13)
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| %t , If it is assumed that there /119.
Mfe=10% is no noise in the high-frequency
7 , part of the receiver and its
) 1 p square-law detector /7_/ and that
I s it i WA B , intrinsic receiver noise 1is due
w ::i:;::le‘ P only to the low-frequency line,
1 ,=:=tgfwﬁﬁ¥¢5 v recalculation of low-frequency
1-Mﬁ::::rﬂ- J - noise into the equivalent tempera-
'Zﬁsz]&_ Ly l ture at the high-frequency
I L 4 receiver input leads to the
I ;m* IS¢ relation
; 5Tk - - - -
?;ix\¢¢|ﬁ1; : ﬁ;zﬁmﬁﬂimJ
A |
-é_ﬂﬂ¥"' N ~and with'reference to thils, we
7 T G (T get
Qg g & v w W mﬂaﬂq
Fig. 5.2. Maximum sensitivity . &T 1'1/’1“24—7”2
and accuracy of measurement of : a= Vﬁﬁ ' (5.14)

thermal radic emission

By thus examining various schemes of radiometer receivers
known 1n the literature /8B / (see Fig. 5.3), we arrive at
relations analogous to (5.12) - (5.14), which are collected in
Table 10. All these relatlons can be obtained by the single
method 1ndicated above and do not differ from those previously
known.

342) Circults of radiometer receivers contalning a
reference temperature Tr irradiator connected close to the

receiver input (eircuilts in Fig. 5.3 d, £, h, and 1)} have the
advantage that a calibration point can be obtained in the radio-
meter to scale (see subsection U«d of this chapter).

In addition, the value Tr = Ta enables us to use the zero /122

method of measurement, optimizing the accuracy of the procedure;
this same condition in the case of modulation methods shown in
Fig. 5.3 4, £, 1 leads to the reduced effect of warlatlons in
the gain of the radiometer line on radiometer sensitivity /9 /

From considerations of simplicity and operational reli-
ability of the reference irradiators, particularly important in
onboard conditions, 1t is convenient to use in the automated
radiometer systems either T ~ 00 K (horn oriented toward the

sky)Aor T = 3000 K (matched locad placed within the receiving

block) as the T .
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Block diagrams of radliometer recelvers

high-frequency amplifier
detector

integrator

syhchronizer
demodulator

modulator

reference load
low-frequency amplifier
canceling circuit
multiplier

difference summator
ratio detector



TABLE 10. SENSITIVITY AND ACCURACY OF VARIOUS RADIOMETER SCHEMES /121

“iybe  of = Sensitivity and accuracy of
L emever g;m megsurements:
‘ o @ 1
7'{'5 v Ae T8 yam
Type of o Y j
5 S —
Nr. radicmeter 2
e

1 |Ideal noise-free powen a Sh%

detector ; Am — 2
Lifo

2 |Power detector with b kly -
equivalent input noisg Ay b Tn
and losses in line o ( W Ty

3 Power detector with b i T,
eqguivalent input noisd PoA=14—7
but without lilne tos, o -
losses P

4 | Power detector with ¢ : A=1/1+(T:' ); /
noise-free HFA and . _ /
detector s

I s T T2 T oY utt

5, [ Modulation radiometer | d ‘A:V (1 + T, ) o _+("f;*§‘ T, ) T
in general case C - e .

6 |[Modulation radiometer d : T, ¢ (T, T,

1 a 1
' n:«rz:T'c I—

7 Modulation radiometer 4 ' _ T, Ty
under optimal condir §.7) ; A=t g-+2g-
tions# b e -

§ | Radicmeter with post-{ e T T - -
detector modulation _( __Q_) T
in the general case ‘ A={t+7 V1+ =

9 Radiometer with post-| e e -
detector modulation T A“V*"( T,
when .~ . | =z 1+ﬁ)

T1=Tg=—2—-17 ‘‘‘‘ - -
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TABLE 10 {(continued)
= Sensitivity and accuracy of
LN measurements:
b »
@
g
* T
Type of e - ;j Var \
. [SRE
Nr radiometer S o
o o
101 Two-channel modulation | £ : e T T
radiometer in general A (L+_£),‘+’+(_g+ n) 1472
case Ve T,/ m T, " T, T
11|{Two-channel modulation | f 7 A /122
radiometer when A= (1+JJL)—+(ﬁ—+~<&J
- - q E) 7{1 Ia
T-l%.'fz:"z_"f T T )
12{Two-channel modulation | £ { 7, T,
radiometer under opti- A=f7§(1+7:4433;)
mal conditions* T _
13)Correlation radiometer |- 7 ﬁ\
with common antenna Ry 1+(L+7%J .
e Vr.‘{ AR i
14| pifference-summator 5. SR 'fT}ZT%‘f'i‘k}I—KT;)
. . o Lln
radiometer .ﬂrf?él/fi+(t7 7. f?ljh 7, 7o
. - T h o ‘\_\&‘
15| Radiometer with addi- |h- oo
tion of reference noise Aﬁ9(1+.ﬂa) 4 Ta !
at input T Ty T, )
T,
r
.
T Tq+T
W T +Tp
1
y
o
"i‘ ! L.i
;! The antenna temperatures]observable in practice usually lie
efther elose to T ~ 0© Ki&radloastronomlcal observations) or

.

K (observatlonsiof_
~ 300° K (surface of C@Htl

‘{"‘:.‘

Taz~ 150
Ta

£
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( Tr Vﬁf-r}
[14 .
-l P
I 14 & . ~
07— s
7 _.W
._‘r / “
w7 081 /
1 mﬂ// //
2 /'
.,
A Y A
To/Ta

Fig. 5.4, Sensitivity and
accuracy of measurement of
antenna temperatures using
different types of radio-
meter receilvers

The numbers alongside
curves refer to the
locations in Table 10

Thus, from the practical /123
standpoint it is best to examine
the sensitivity of radiometer
receivers of the types 6, 7, 11,
12, 14, and 15 from Table 10,
when Tn/Ta undergoes varlation

over fai¥ly breoad l1limits for four
possible cases: Tr ~ 00 K;
’I‘r ~ 1/2 Ta; Tr A Ta; and Tr ~ 2TEL

The corresponding expressions
Tor A:

Ty v
45

-— relative maximum sensitivity
andaccuracy of temperature measure-
ment using these schemes ~- had

been collected in Table 11, and

the characteristic shape of the
corresponding curves for the case

T,~ T, is shown in Fig. 5.4.

Alsc given in this figure, for
comparison, is the dependence of

the sensitivity of the block diagram with noise-free HFA and
detector, and the block dlagram with neoise only in high fre—
gquencies (poditions 4 and 3 in Table 10).

A closer examination of this problem shows that:

1) as Tn increases compared to Ta (for example, in radio-

astronomy) differences in radliometer schemes are smoothed over,
and, conversely, when relatively high antenna temperatures Ta

are being measured (for example, in scanning the Earth's surface)
selection of the radiometer type
becomes increasingly substantive;

using low-noise receivers,

2) in the case of low-nolse receivers (that is, when /125
T, < Ta), it is advantageous to select as T, the lowest possible

values; this increases the specific sensitivity and accuracy of

‘measurements (if, of course,

this is not interfered with by

variations in the radiometer line gain);

3) two-channel radiometer schemes (such as [ and g ﬁor h
in Fig. 5.3) increase sensitivity compared with the corresponding

gingle-channel radiometers; and
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TABLE 11. SENSITIVITY AND ACCI{RACY OF RADIOMETERS CONTAINING REFERENCE STANDARD LOAD

=
@ .
o o0
ot a) .
@ L
GO [t
Radicmeter Ot T ] : .
| : | 8Ty
type KR
@.a o ‘ . 1
85 Ea T, =0 T, =—Ta T, =Ty ' Te = 2Ty
Single-channel modula-— 61 a : , ' _
tion radiometer for : TN LAY oY sy L
OMever 2./ t+2f+2(2) | 2]/ LessaEtol ) | 2V ZtE) v/ 5642y
L1 1 - Ta Ty * ‘Fa T, a T,
=T = =T ' .
Zz .
Single-channel modula-| 7| 4 T, T, '(_ .‘n) T
_ L - RLY — . - . 2 il
tion radiometer with . | 1427 Lo+27 2147 M2
optimal 7% CT -
Two-channel modulation| 11} T | T <= T TG T ST T v
- : I Tl'l T fal hy 1. ] .
radiometer for 12p—42l7— 125437427 Vettg V 546 7 +2{ 5
— B a o a ta a ki
Tl——'—"l'a-——T't" R o . - e T
Two-channel modulation| 12 £ | ! ﬁ-_n o Ty B s, Tu 1 Ty
- - v \I+eF- vz 1,542 5 Valt+~ (3427
radiometer for optimal a AL | a a
TH
T 1 1.3 T 1T ¢ i T
. 1/ e (2] Y a7 In o]
Difference-summator 14 n l/ T, T2 \T, LT AT, 2437+ SO 7 +3
radiometer . . "1"(—“1”*—
5 ﬁ)
\ o0 2. é+55—'+2(i)2 2.l 243 (zf-‘iﬂz 1542 o
g T, AT, T T, SO PR
!
Rgdicometer with addi- 15 d| - - .-
tion of reference R - ———— e —
nolse at input ‘ o : : .
*": Ta'!‘Tn,

= E———
ST Tr+Th



B 4) the scheme of a difference-

;3“' _ @ﬁ; summator radiometer, beginning at
] - [ 1/ o some value of T /T , is preferen-
gk—k ‘ ’“f‘ 990 tial feor any Tr; this circumstance
R 1607 is all the more substantial, in
it 45 that losses in difference-summator
of . AR microwave elements can be made
wdp L] -/g// s less than in modulators.
el
_Z{k AT < These relations (Table 11)
S| W0e 5 w2 5w 2fGHe and the corresponding graphical
S . representations can also solve
the problem of choosling the
Fig. 5.5. Dependence cof microwave radiometer, from among
nolse temperature of those available commercizlly,
various mierowave receivers that is the most sultable for a
on frequency specific application of the input
1. Point diodes device.
2. Schottky diodes
3. Tunnel diodes As an example, 1in Fig. 5.5
4. Transistors are presented plots of the
5. Parametric amplifiers frequency dependence of the noise

temperature_of various microwave
receivers /10/.

Comparison of the data in Figs. 5.4.and 5.5 (or similar@

figures) permits a stralght-forward optimal selection of the
design scheme of a particular frequency channel.

4, Calibration of Radiometer Eguipment

h-1) calibration is required for the interpretatlon of the
results of radiometric measurements, that is, establishing a
mutually-unique correspondence between the brightness tempera-
ture of an element in space under scrutiny and the output
readings of the radiometer system.

The most adequate calibration method involves an array of /126
of space elements corresponding precisely to the spatial
resolving power of the system and exhibiting different known
radiobrightness temperatures in the range being measured. This
method could experimentally establish the kind of dependence
between the intensity of output system readings and the corre-
sponding radiobrightness temperatures -- it could formulate
the radiometer scale. However, 1in practice this procedure is
difficult to realilze.
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The resolved areas in the radio range under actual ranges
used can be several meters to tens of kilometers. Therefore
constructing a system of these artificial "elements" with
preclsion values for the various radiobrightness temperatures
1s a technically extremely complicated task, as well as ungues-
flonably most expensive.

Natural objects suitable in:size and contrast can be used
for calibration purposes -- so-called external calibration;
however, even under the most favorable condltions there are
difficulties in finding the necessary number of objects with
the required degree of contrast. Moreover, nonuniformity of
radiobrightness temperature within the area, and the effect on
radiobrightness temperature of meteorological conditions, as '
well as the inconstancy of its emission characteristics with
time affect the precision of the calibrations thus obtalned.

Transforming radiobrightness temperatures into the ocutput
response of the radiometer system, as was shown earlier, involves
forming by means of the antenna, at the receiver input,'’a signal
whose intensity is called the antenna temperature, followed by
the transformation of the signal into the output yoltage (or
current) whose value 1s recorded with a meter or recorder.

Therefore calibrating a radiometer system in principle can
proceed component by component: separately for the antenna
system and separately for the radiometer receiver. This procedure
of ecalibration is especilially sound in those cases when the equip-
ment must operate for a more or less prolonged period without
direct human participation of a human operator in the measure-
ment process, partlcularly for an automatically operating
radiometer installed on space vehicles. Artificilal "reference"
radiotemperatures and "reference natural obJects wlth known
radiobrightness contrasts are used for "external" calibrations,
and also for checking and refining the componentwise callbrations
and for "tying" them into actual working conditions of the radio-
meter system.

4-2) Let us look at the problems of calibrating!antenna
systems /11/.

As we can see from the expression for the antenna tempera-

ture (5.7), calibrating an antenna reduces to determining its /127
efficiency Mg and the scattering coefficlent pB. In the case of
uniform ambient radiobrightness temperature when Tgr = Tg se = TE

{(below we will show that 1t is useful to select this temperature
equal to the zenith temperature TE), Eg. (5.7) becomes
b

Ta = 77aTz + rina) To’
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and from this we can flnd the

Zenith . value 7
" Lt 2
i 1
yoo 0 /
LT e
! e
L2 B

|
El In addition, as this expression
1 shows, the measurement accuracy
1 will be hlgher, the lower we
‘ select TD compared with T_.

R ZE/A

b
, ! Actually, Tpr and T¢.sc can
! ' be made extremely close to each
‘ i : other and small in magnitude if

the antenna is placed over a

Fig. 5.6. Antenna curved, well-conductive surface
callbration scheme in such a way that the sky
1. Absorbing emitter disk radiation from the region of
2. Principal lobe of zenith angles with zenith tem-
antenna radiation perature TE would be reflected
pattern . . .
. . into the region of side and rear
3. ﬁgzigga being cali- lobes of the radiation pattern
4. Conductive shield gf6§he antenna system (see Fig.

For the zenith sky temperatures to be low, calibration must
be carried out as far as p0351b1e under clear atmospheric condi-
tiong. Obviously, when working in the wavelength ranges close
to the absorption lines of atmospheric gases (fhese include the
inevitable water vapor and oxygen in the radio range), . it may
prove useful to perform the ecglibrations in mountainous locales,
at sufficient elevations above sea level and at low humidities.

The zenith temperature Tb can be measured with high accuracy

by reference standard horns w1th standard gain /127 or else the
zenith temperature can be calculated theoretically from the known
temperature, humidity, and pressure in the experimental locatlon

/137

It should be noted that owing to the nondependence of
active losses on antenna temperature, repeating the measurements
at different T, can be done to refine the measured value Mg

Now, B also can be determined from the same equation, 1f /128

the region of the principal lobe of the antenna radiation pattern
at the level of the first nulls is filled with an emitter having
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known brightness temperature, as can be seen in Fig. 5.6.
Naturally, this emitter must be at the distance R from the
antenna, where the lobe structure of the antenna radiatiocn
pattern iz already quite well defined, that is, R must satisfy
the condition

D
.}‘1.7

[ ta

R >
where Da 1s the antenna diameter.

It is simplest to use as the emitter a material that is
absolutely absorptive at the given wavelength (an absoclute
blackbody) with brightness temperature equal to its kinetic
temperature Tém’ which can be measured to high accuracy over

the entire surface of the materiasl using temperature sensors,
then averaged. The pogiticon of the emlitfer in the principal’

lobe can be found from the antenna temperature maximum (Ta)max

and the accuracy of this position proves not to be highly crPlit-
ical, since the edge of the emitter falls in the region of the
null level of the principle antenna lobe.

Then, based on (5.7), the antenna temperature of the system
can be assoclated with the remaining parameters by the following
expression:

b

(T ) =7 (1 - ﬁ)'Tem + naﬁ‘TZ

+ _ .
a’‘max a (1 na) To’

from which we can find the single unknown, p:

3= na']ém+ (1 —m,)-To— (Ta)zneix
My (B 1)

When once measured, the values of 7, and 3 for an entirey
system can change: n, can change when there is a change in the

surface conductivity of the material of which the antenna system
is made, and [} can change when the components of the antenna are
shifted with respect to each other or when there are changes in
the position of the antenna with respect to the body of the space
vehicle (for example, during scanning).

From the foregoing there folldws the vital importance of
the technological (especlially with respect to the coatings) and
design development of the antenna, its components, and their
placement on the space vehicle from the standpoint of subsequent
interpretation of the resulting experimental data.
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4-3) Let us look at the calibration of radiometer receivers.

Calibration of a radiometer recelver is intended to find a
relationship between the amplitude of the output signal and the
antenna temperature which arrives at the input of the recelver.

The antenna femperature -- a quantity proportional to the
microwave power /14/ brought to the receiver input -- undergoes
linear amplification and subsequent detection in the channel,
and considering the actual power levels of thermal microwave
sighals, the detection can always be assumed to obey the square
law. DBut the response of a square-law detector {(in the form of
current or voltage) is_proportional to the high frequency power
applied at its input /15/.

Thus, in principle, a linear relaticnship of the following
type must exist between antenna temperature Ta at the input of a

radiometer recelver and the amplitude of its output signal U:

U=al, + b

Here, as shown by detailed studiles, the initial point on
the scale is determined generally by the nonideality of matching
between the varlous components of the high frequency part of the
radiometer receiver /16/, which can change due to various
factors and, in partlcular, when there is a change in the
frequency of the signal being received. Also, since the quality
of matching the high frequency lines as a rule is degraded with
expansion of the band of frequencies received, instability of
heterodyne fregquency is one of the maln causes of variations 1n
b for broad-band superhetercdyne radiometer recelvers.

The curvature of scale a 1s determined malnly by the gain
of the antenna components and by losses in the passive elements
aof the receiver line and thus variations of curvature arise when
there are numerous variable external influences on these compo-
nents and element®s.

To eliminate the effect of variations 1n a and b on the
reference accuracy of the antenna values, The scale must be
calibrated (that is, the determination of the instantaneous
values of the curvature and the starting point of the scale)
periodically, at time intervals shorter than the correlation
time of the corresponding variations.

In principle, based on the linear relationship between U
cand T, to calibrate a radiometric scale it is suffielent to

/129

————

\
periodically connect two emitters with precisely known temperatures
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Tal and Ta2

record the corresponding cutput signals Ul and UE' On the condi-

to the input of the radiometer recelver and then to

tion that in this ealibration the signals pass through the entire
line, from the line input (including the antenna emitter) tq the
cutput, the coefficients a and b can be readlly found in the form

Ui —Us b _ Ty Us — Ty Ut /
{1 =

T = - '
Tay —_'.Ta‘z. o T

and by reading the signalvU obtained when the unknown temperature /130
Ta is measured, its value can be found uniquely:

T . (Tﬂl - Tnz) U+ (TazU"'_ TalUg) '
a - - Ul . Uz .

To increase the accuracy when there are marked changes 1n
the parameters a and b, 1n the two successive calibrations 1t 1s
best to use their interpolated values. However, when the equip-
ment is used onboard, this calibration method can encounter

v serious difficulties.

In aircraft conditions, especially when an operator is
onboa®d, his access to the input elements of the complete
receiver line (that is, essentlally, to the antenna emitter),
during the flight proves to be impossible and therefore the
problem of remote connection and disconnection of the reference
standard temperatures at the times of ecalibration arises.

In the case of unmanned flight vehicles, this problem is
complicated by the necessity of the total automation of cali-
bration.

In several cases providing two brecision temperature
reference standards and thelr matching gt the input durlng
switchings can become a serious problem. Sometimes these diffi-
culties are 1nsurmountable and compromises must be resorted
to —— simplified engineering solutions must be found at the
cost of lowered calibration accuracy.

4-%) One variant of this simplified calibration system
ig the employment at reference temperatures of the low sky
temperature (or the space temperature) obtained by means of a
weakly directional horn oriented at .the zenith or into free
space, and the temperature of a well-matched load bullt in close
to the recelver by design /17/.
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Since of the above-examined types of radiometer receivers
(see subsection 3-2), medulation radiometers have several tech-
nilcal and operational advantages, they are used much more often

than the others.

Let us examine the main problems asscciated with callbrating
a modulation radiometer receiver placed on a space vehicle.

Clearly, the receiving antenna and the reference horn must
be placed outside the body of the space vehicle and connected
to the recelver located within the body with more or less long

lines exhiblting the inevitable ohmic losses.

Also, 1t is

obvicus that the lines connecting the receiving antenna and the
reference horns with the recelver can have different kilnetic

temperatures over its sections:

outside the vehicle -- the

exXxternal temperature Tex’ within the vehicle, from its walls to

the recelver housing -- the internal temperature Tin’ and within

the receiver, due to heating from heat-releasing elements -- the

recelver temperature Tr'

| | 1 R

| = ;ﬁ; ;i:fn:" O @
e
Fig. 5.7. Scheme of distribution

of losses and temperatures in
elements of high freguency line
of modulation radiometer

C = commutator

M = modulator

R = receiver

The remaining symbols are

explained in the text.

By singling out within
each line (antenna line "a"
and reference line "re") the
sections that are at these
indiecated temperatures and
by characterizing the losses
in these sections with the
appropriate deficiencles,
is shown in the scheme in
Fig. 5.7, we can find the
conditions under which the
radiometer scale can be
calculated and we can find
the factors affecting cali-
bration precision il%/.

as

Uslng the rule of tem-
perature reconversion /19/
when a signal passes through
loss—exhibiting elements, as
was done in the left-hand side
of the double equation (5.6),
we get the result that in the
working regime the temperature

Ta is recalculated from the

antenna input of the radio-
meter to the receiver input

/131

133,



to point R (see Fig. 5.7), as T o

v = . “ Taf—“{[Tanaex_}‘(i_naa{) T namn (1""%1}}7;11}7111 + f ' (5.15)
d. —_ "}'(1_‘13 r) s NSty
where Ny ex’ Ta.in® and na.r are the efficiencies of the external,

internal, and commutation parts of the antenna line, respectively.

Similarly, for the zenith temperature Tg racalculated across

the reference line at the receiver input to the point R, we get

T
Z.r
Ty.p = I[Tz re.ex | (1 - nre.ex) Tex]nre.in + 1~ nre.in)
nf lre.r + (1= nre.r)lr’ (5.16)
where nre.ex’ Mre.in? and nre.r‘are the efficiencles of the

external, internal, and commutation parts of the reference line,
respectively.

In the calibration mode, when instead of the antenna, we
connect to the modulator M by meansg of commutator C the matched
load, usually within the limits of the high-frequency head of

the receiver and therefore at the temperature Tr’ at point R /132
we get the temperature Tc -
= + — = .
Te.p Trnc.r (1 nc.r)Tr Tr’ (5.17)

where nc - is the efficiency of the commutation part of the line

in the calibration mode.

Bearing in mind, further, that in a modulation radiometer
receiver, the output signal U 1s linearly associated not with
the actual temperature being measured, but with the difference
between the wvalues of the measured and reference temperatures
at the modulator output, that is, at point R, we flnd that wheni
the antenna i1s connected the output slgnal w1ll be U

Ua%S[Ta,r—T?-r] ‘{‘Uof (5.18)

and in the calibration mode, when the matched load is connected
the ocutput signal will be UC
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O =Sei= Tl + 3 | (5-19)

where the curvature of the scale 5 and the initial value of signal
U, at the output of the receiver are assumed identical in both
méasurements.

When taking the voltage from a variable voltage modulator
from the reference generator, at the output of the modulator we
obtain conditions that are equivalent to the situation where

T - T =T - T = 0. Therefore, at this recorded
c.r Z.T a.r Z.r

modulation the output signal gives us the value Ure’ whieh thus

becomes known to us.

Using relations (5.15) - (5.19) and introducing for brevity
the notation

= . : = o . T
Ta Tg.exTa.inTa. v’ n Mre.ex 're.in "ve.p’

we can find the measured quantity Ta

U,— U,

:Ta=U¢“U2D%f“ﬂ)*E+%T-—EQ mﬁn T
— 7y e ] nre ’IJ_ _
+ 05D a}—lrLT P 1)
! N.—1 J N —1, .
} Zé")ﬁmim (T“_]}*QLI%M'}' (5.20)

Here the expression in the first brackets corresponds to
the scale curvature, and in the second -- to the initial tempera-
ture.

Thus, the antenna temperature under this calibration system
is determined not only by the measured values of the output
readings of the radiometer and the temperature sensors, but also
by the losses In individual sections of the lines.

If all the aosses 1in the lines are absent, then Ny = NMpe = 1 /133
and
U, —
Ty= TZT[T —Tb]+Tb
. T R
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If there are losses, buf the entire line is at a constant tempera-

ture, that is, Tex = Tin = Tr = Tre’ then
T;‘_._-_evﬂ Tl 1 ) —{—T—u(T.‘A ;lrﬁ]
AT — [( - ™ Te My

and only the loss ratio nre/na will affect the determination of
T .
a

4-5) When equipment is used in actual conditions, there
are variations in the losses due to random external actions.
The following can have the strongest effect in the case of
satellite equipment:

1) the effect, with time, of the actual atmosphere on the
physicochemical condition of the coatings and their conductivity;

2) periodie changes in the external temperature, leading
fto varlable deformations of lines and subsequent residual effects;

3) wvibrational and linear mechanical stresses during trans-

porting of the egulpment and its launch; and

142

43y mechanical stresses and deformations that arise when
there are pressure drops within and cutside the satellite body
in the varicus stages of 1t{s use.

Accordingly, it 1s of interest to estimate the possible
variations of losses in lines, the effect of varilations on the
error of measuring the antenns temperature, and to find the
ccnditions under Whlch the effect of variations is brought to a
minimum. :

In the simplified case we arec considering, the structure
of the expression enables us to draw appropriate conclusions
concerning the optimal conditions of operation without special
analysis.

If we regroup the terms in the second square bracket of
{(5.20) in the way indicated below:

| Ta—u“-grek o T 2 Pl 1, — 1 Y] -
e 0y~ T Bl 1, 7]+ (5.21)
[ll,xﬂ v T b b1 - 55, /
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then it becomes clear at once that working with the temperature
of the matched load, egual to the antenna temperature (fhew
earlier-noted null regime) yields
,U__L:L'e—;i
U.-—D
e re

and the filrst two ibracketedstermsriri®q. ((5.21) areemutvallyl canceldedled

out. Here the effect of three loss ratios: nre/na’ nre.innre.r/na’

and. n is eliminated, and the measurement error will bhe

re.r’ Mg
determined by the last square brackets in Eg. (5.21).

It -can easlily be seen that equalizing the temperatures
T =T, = Tr eliminates the effect also of The remaining two

ex in
loss ratios in the lines (7 a.pd/ng and (o, )/n, .

ll’l

The ideal condltions of null measurements and the iso-
thermicity of all the equipment components 1is scarcely realized
in practice, but the effect of measurement errors due to random
variations 1In the loss ratios 1In the lines can be appreciably
reduced if the following two conditions are satisfied:

1) the temperature of the matched load is taken equal to
the mean value of the possible range of the antenna temperatures
measured; and

2) as far as possible, an effort 1s made to equalize the
temperatures of the egulpment components housed wilthin and without
the satellite body.

5. Satellite Equipment for Observing and Measuring Micfowave
Radiation of the Earth

Four freguency channels with the followlng operating wave-
length A = 85¢am, Ay = ddcm, Ay = 1,35¢m, Ay = 0,8 .cm, | WeTe proposed
for measurements of the radlothermalgem1351on of '\ Earth cover and . Earthf

atmosphere from outer space.

As was already indicated above, this set of wavelengths makes
it possible to acquire data on the temperature and condition of
the underlying surfaces, on the integrated humidity of the atmo-
sphere, and on the moisture content of cloud formations and
precipiltation.
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4 bloeck diagram of the eguipment is shown in Fig. 5.8. The
functional connections within each frequency channel are identical
for the most part, and so only the 3-centimeter channel is shown
in detail in the diagram. ' '

The received antenna signal of thermal radio emission travels
via the external wavegulde (a coaxial cable for a channel with
Al = 8.5 cm) into the internal hermetized satelllte compartment.

Along the internal waveguides (or the coaxial cables, in accordance
with the channel wavelengths) the signal arrives via a slow-acting
commutator C that serves for periodic calibration of the radio- /135
metric scale of the channel at a fast-acting commutator-modulator

M. Continuously, the modulator compares at a high freguency the

noigse temperature of the signal arriving from the antenna with

the temperature of signal arriving from the reference line (RL),

which consists of a weakly directional horn oriented continuously
toward free outer space, and external or internal waveguldes or
coaxials. .

A modulated nolse signal arrives at the output of the
modulater during measurements; the intensity of this noise signal
changes from the value corresponding to the reference line tempera-
ture, up to the value corresponding to the antenna temperature to
be measured.

Through the decoupler (Dec) this signal arrives at the input
of the superhetercdyne receiver, bullt in the form of two modules
by design: a high-frequency head and a low-frequency block.

The high-frequency head includes the slow- and fast-acting
commutators, matched load, balance mixer M, klystron heterodyne
H, and the intermediate frequency, low-nolise-generating preampli-
fier -- IFPA. Photographs of the high-frequency heads of channels
with Kl = 8.5 em and Au = 0.8 em are shown in Figs. 5.9 and 5.10,

respectively, and give an ldea of thelr size and design.
To improve the mechanical characteristics, the high-frequency
heads with all of their elements were coated with foam-epoxy resin,

forming a monolithic block. The strongly heating klystron hetero- /138
dyne was mounted to the monoblock from the external side.

c1hY



/136

Fig. 5.10. High-frequency
head of channel with
/Lu= 0.8 cm

Fig. 5.11. Low-frequency block
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Fig. 5.12. Layout of two short-wave radiometers

FIEAN

Fig. 5.13. Scheme of combined
three-range antenna

Numbers represent channel
numbers; Il® is the polari-
zation filter

Fig. 5.14. Combination
three-range antenna



1___§W2 : The low-frequency block
_Eﬁ ‘tincludes a voltage converter (VC)
B ‘|of the onboard line in the vol-
s | D -|tage ratings necessary fto power
.§ “lall the electronic eircuilts, the
Se, | s  lprimary lntermediate frequency
: §*-§§ ;famplifier IFA with a second
_é% §§/ | detector D, a video amplifier
5§ (D 1 VA, and the automatic gain
§ =~ ] control circuit (AGC), a modula-
1= EW ESNss Fg tion frequency amplifier LFA
c Y fonan 7 J@O /low-frequency amplifier/ with
“| phase detector (PD), and a
5T EW = FEl commutation unit CU synchronizing
§§ > “Hanan 4 Fﬂ:the operation of the modulator
A= | £| at the channel input with the
N TR, R 72 phase detector at its output.
Fig. 5.8. Block dilagram of i A photograph of the low-
sa%ellite radiomgter frépuency bl%ckpis shown in
KEY: A. Antenna of channel 4 Mig. 5.11. Each low-fregquency
B. RL -- reference line block, for the same considera-
C. Combined antenna, tions of mechanical strength,
channels 1-3 is coated with foam-epoxy resin
D. Satellite body or foam polyurethane.
E. Channel 1
F. Qutput Pairwise, the radiometer
G. High-frequency head channels (twoc long-wave channels
H. IFPA -- intermedilate with Al = 8.5 em and Ay = 3.4 em,
frequency, low-nolse- ' .
eneraving preanpli- 300 o ghortouave chamagle, with
fier 3 ’ 4 :
I. Channel 2 connected with light metal frames,
J. Low-frequency block which are:mounted within fthe
K. IFA —-- intermediate satellite body.
frequency amplifier
L. D. Detector Fig. 5.12 shows a photo-
MM. AGC -- automatic graph of the frame connecting
‘ gain control two short-wave radiometers.
N. VC -- voltage con-
verter ] For economy of space and
0. A —-- video alignment of the radiation pattern
amplifier axes, the antenna for the first
P. LFA -- low-frequency
amplifier
%. PD —- phase detector V., M —— mizer
R. Onboard power line W. H -- klystron heterodyne
3. LU -- commutaticn unit X. of T reference temperature
T. C -- commutator Y. Cgénnel 3
U. Dec -- decoupler Z. Channel 4
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three long-wave channels is made
in common, a combined antenna.

The design principle of the
combined anftenna iz clear from
Fig. 5.13. It is a horn-parabolic
antenna with a special polarization
semitransparent near-filter (J1d)
installed In a bellmouthi. The
primary mirror and the polari-
zation filter are segments of
confocal paraboloids of revo-
lution. Polarization of channels

Fig. 5.15. Diagram of horn-
lens antenna for the 8 mm
range

1. Horn

2. Lens (block polystyrene)
KEY: A. Channel 4

TABLE 12. MAIN PARAMETERS OF EQUIPMENT INSTALLED ON
KOSMOS 243 AND KOSMOS 384 SATELLITES

Channels

Equipment parameter 1 5 3 y
Wavelength, cm 8.5 3.4 1.35 0.8
Width of antenna radiation

pattern 8.6 4.0 3.6 4.0
Scattering coeffilcilent,

percent 20 15 24 5
Aetive losses, percent 5 3 1 6
Working sensitlvity of

recelver, CK 0.7 0.5 0.9 1.3

with &1 = 8.5 cm and &2 = 3.4 em is orthogonal to the polarization

of the channel with AB = 1.35 cm, and therefore the radiation

pattern of the first three channels is formed by the primary
mirror, while the pattern of the third channel is formed upon
reflection from the mirror-filter.

In the first range the antenna 1s fed with a pln mounted 1n
the standing-wave voltage antinode in a pyramidal horn, and in
the second and third waves the antenna is fed with waveguides of
the appropriate cross section. :

A polarization plate is installed in the feeding junction
for mutual decoupling between the second and third channels.

N

A photograph of the three-range antenna is given in Fig. 5.14,
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The antenna of fhe fourth range with &M = 0.8 em is built
separately in the horn-lens scheme: a metal horn with a dielectric
lens in its flare. This scheme is shown in Fig. 5.15.

The main parameters of the equipment are listed in Table 12.

Equipment with these parameters made it possible in 1968
and 1970 to conduct the world's first study of the radio emission
of the Earth's atmosphere and its cover from artificilal Earth
satellites.
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CHAPTER SIX
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RESULTS OF MEASURING MICROWAVE EMISSION OF THE
EARTH FROM SPACE

Measurements of microwave emission of the Earth from space
were first made from the Kosmos 243 satellite and were continued
on the Kosmos 384 satellite. Radiometers described in the preceding
chapter with receiving antenna oriented at the nadir were installed
on the satellites. The Kosmos 243 satellite was launched 23
September 1968 into an orbit with apogee 319 km, perigee 210 km,
and inclination to the equator of T71.3° /1- 3/, and Kosmos 38l
was launched 10 December 1970 intoc an orbit W1th parameters 314
km and 212 km and 72.9°, respectively /I-6/. Also installed on
these satellifes were infrared radlometers receiving radiation in
the 10-12 Hm band,.

1. Temperature and State of Qecean Surface

This section deals with an analysis of measurements from
Kosmos 243 made over the oceans at long wavelengths (8.5 and 3.4
em) for remote determination of the temperature and state of the
ocean surface, and also analysls of the ice situation. Measure-
ments at shorter wavelengths, including the infrared range, were
resorted to in order to provide uniquenéss of the interpretation.

1-1) The brightness temperature for the long-wave ranges
can be written in the following form (M.26):

Ty,n= Tome 9 rd—em 4+ T -11( '“)(’.l — ). (6.1)

it e e e _ ——

Here T#* gnd T¥* gre several mean-weighted atmospheric temperatures
not differing widely from To’ the temperature of the sea surface.

Using the smallness of Eq. (6.1) can be transformed to the

‘/L’
following form:

Thn=wmTo £ (AT + (AT, | (6.2)

where ATl is an addition to ocean emission due fo absorption in

the atmosphere without regard to clouds:

e i

Mﬂh—hqunmwﬂ'Tmﬂ*nﬂ—m%]/ (6.3)
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(7&202 and s H,0

vapor), and AT2 is the addition to emission due to absorption in
clouds:

is the optical thickness of oxygen and of water

Py =g (T T =T (6.1)
(TfL el is the optical thickness of clouds). It should be noted
3 . o
that the additions AT, and AT, are small, even in the case of /141

1 2 _
moderate rain they do not exceed 10-15 degrees at the wavelength
3.4 em. The analysis made 1n Sections 2 and 3 of Chapter One
showed that the effect of spume on the ocean surface on emission
decreases with increase in wavelength. Consldering the smallness
of the values (AT )  and (ATE) , we can neglect the variations

in- ‘xa(for A = 8. 5 em and A = 3.4 em) in the expressions within
the "bBrackets 1in (6.3) and (6.4) associlated with spume formation,
since these variations give corrections of the next order of

smallness in 7,. Within the scope of this assumptlon, measure-

ments at the two wavelengths A= 8.5 cm and A = 3.4 cm enable us

to obtain twoe equaticns with two unknownsg, since 7 and T
Ay 02 A,HEO

were calculated to high accuracy based on mean-climatic data, and
Thcufnm_—-@fllj (see Chapter Four). One of the unknowns in this
system is By By determining it and by assuming that ‘Eﬂ

corresponds to the emissicn of the ocean surface without the
presence of spume, we can obtain an estimate of the water surface
temperature. This possibility is illustrated by the results
presented in Fig. 6.1 and 6.2. The first of these figures presents
the latitudinal dependence of brightness temperature - -at two wave-

lengths Ay 7 3.4 cm and AE = 8.5 cm obtained during the over-

flight of a satellite over the Pacific Ocean./2 /. The breaks

in the curve correspond to the moments of calibration. Also
presented in this figure is the mean-climatic brightness tempera-
ture Tor the month of September. Striking is the brighteriings,
particularly notliceable at the shorter wavelength at about 300
and 159 N. Lat. and between 50° and 60° N. Lat.

By applying Eg. (6.2) and the above-presented scheme of
calculation, the wvalues ofth " and then TO were calculated on
the assumption thatiﬁchorresponds to a surface free of spume.
Fig. 6.2 presents To values thus calculated, which closely reflect

the latitudinal change in ocean temperature. The brightenings
associated with intense precipitation (precipitation was indicated
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by an analysis of measurements at the wavelength 0.8 cm and by
synoptic data) in the region. 15° N. Lat. was virtually not mani-
fested in the latitudinal trend of TO. At the same time, the

brightenings around 300 N. Lat. and between 500 and 60° N. Lat.
were manifested in the latitudinal trend. Analysis of measure-
ments at the shorter wavelengths indicated that 1n these regions
no precipitations were observed at the moment of measurements.
Evidently, the increase in To obtalined from radiometric measure-

ments was caused by a rise in the emission coefficient of the
ocean surface due to a storm, which judging from fhe synoptic
background | was highly probable in these regions.

.| Purther investigations using longer wavelengths and Improved
sensitivity and stability of the radiometers will permit wmore
reliable measurements of ocean surface temperature from AES
/artiflcial Earth satellites/

1-2) To solve the problem of delimiting the storm zone and
determining variations in ocean surface temperature, the emission
spectra of the ocean have to be studied during a storm. Based on
currently available data, the blackness factor of. the surface (for /142
observations at the nadir) depends on the presence of spume and
spray even in the long-wave portion of the centimeter range.

However, at shorter wavelengths, changes in the blackness factor
during a storm period are more strongly manifested.

Fig. 6 3 presents the emission spectra of storm regions
recorded by Kosmos 243 /3 /3 in these regions, judging from
measurements in the 1nfrared range and at the wavelength A = 0.8
and 1.35 cm no preclpltaticn and significant cloud cover were
observed. To isclate the variations in radicbrightness tempera- /143
ture, in the figure are plotted ATb A values -- Increments of

radiocbrightness temperature compared with mean- cllmatlc tempera-
ture. In all the spectra, if we pass over individual measurements
at the wavelength A = 1.35 c¢m (water vapor resonance), & mono-
tonic increase in brightening with shortening of wavelength is
observed. The dependence on wavelength in these spectra can be
approximated by an exponential law with an exponent close to (-1).
Absorption in c¢louds would lead to an exponent of (-2). This
marked difference in exponent. enables us to detect storm zones
and to estimate the characteristics of active sea states from
changes 1in the emisgsion coefficlent of the ocean surface during

a storm.

It should be emphasized that the characterlstics of the emis-
sion spectrum of the ocean surface during a storm and the
polarization characteristiecs of an agitated sea surface enable
us to detect storm regions through cloud cover. Because the
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radiobrightness temperatures along
an orbit over the Pacific Ocean

LM

A=28.5cem _ _

A 3.4 em /2 /
Mean-climatic radiobrightness
temperatures for the same
wavelengths

T

period of revelutlion of
Kosmos 243 was approximately
1.5 hours, projections of

the orbits at an interval

of a day were closge to each
octher, and this made 1t
possible not conly to detect
the storm zones, but also

to trace thelr devedopment
with time. This work was
done in /9 /, where bright-
enings of the ocean surface
at the wavelength A = 3.4

em (with respect to the mean-
climatie data) were compared
with the wave heights calcu-
lated from syncpfic data 1n
eight nonoverlapping regions
of the Pacific Ccean over a
period of 3 days. When the
brightenings were analyzed

at the wavelength (= 3.4

em, reglons wlth considerable
cloud cover and precipitation
based on measurements at the
wavelength 4 = 0.8 cm were
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Fig. 6.2. Profile of surface temperatures of the Pacific

Ocean reconstructed from measurements at wavelengths

8.5 and A = 3.4 cm
Reconstructed temperature
Mean-climatic temperature

A
1.
2.
3. Shipboard data /7_/
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dropped. To simplify the comparison of the brightenings with
wave height, the given quantities were represented in discrete
form: four gradations of increment in brightness temperature

b.d 0-3%, 3-6°, 6-97, ana 9-12° and corre-

spondingly, four gradations for the calculated wave helights h =
= 0-1.5m, 1.5-3 m, 3-4.5 m, and 4.5-6 m, Shown in Fig. 6.4 is
the temporal trend of brightenings and wave heights, expressed
in the above-adopted relative units. From the plots shown 1in
these figures it is clear that the bulildup and weakening of
active sea states as a whole is closely reflected in the bright-
ening values. It is not precluded that the noncorrespondence of
the total absence of brightenings with considerable wave height
in the region 2-1 over a period of 3 days was caused by inadeguate
reliability of the synoptic information in this reglon of the
southern hemisphere.

were selected AT

It was of interest to attempt to relate wind velocity (in
those cases when it was known at the satellite track point) wilth
brightening at the wavelength A/= 8.5 c¢m /10/. The wind velocity
dependence of brightening shown in Fig. 6.5 indicates, in spite
of the large scatter, the presence of a relationship between
emission and wind velocity. A similar dependence obtained from
aircraft measurements of radlobrightness at the wavelength A =
= 1.55 em was discussed in Chapter One. At ldentical wind
velocity, the contrast of radiobrightness at the wavelength /144
Al= 8.5 em 1s much less than at Al= 1.55 cm (see Fig. 1.20).
Nonetheless, we cannot make a clear preference for short wave- "
lengths in determining storm zones. As the wavelengths are
shortened, the effect of droplet water in the atmosphere
(especially of rain) on the emission of the ocean-atmosphere
system becomes increasingly evident. Therefore, unique diagnos-
tics of the ocean surface state requires multi-wavelength and /115
polarization measurements in the microwave range. This viewpoint
finds confirmation both in the results of satellite observations
presented in this section as well as results of analysis of air-
craft and ground-based experiments and caleculations presented in
Section 3 of Chapter (One.

1-3) The contrast of the brightness temperatures of the free
surface of water and ice fleoating at the water surface exceeds
100° K, and was noted above (Section 4, Chapter One), enables us
to eatimate the continuity of the ice. In AES observations, the
emission is averaged over a large spot, whose size 1is determined
by the antenna radiatlion pattern and the satellite altitude.
‘Therefore interference effects that show up clearly in laboratory
and model measurements and even in alreraft observations are not
manifested during satellite measurements. Blurring of Interfereéence
patterns in sea ice 1s also promoted by the relatively absocorption
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Fig. 6.4, Variation with time,
during 23-26 September 1968, of
the altitude of wilnd-driven waves
and radiobrightness at the wave-
length A = 3.4 cm over eight
different regions of the Pacific
Ocean /9 /
1. Incrfement in radiobrightness
2. Wave height (both are given
in relative units)

of microwave radiation in sea ice.
Therafore to the first approxi-
mation 1t can be assumed that the
response of a radiometer installed
on . a satellite will be a linear
function of ice continuity in the
spot from which the emisslion is
being received.

It should be noted that
satellite determlnations of ice
continuity by observatlon of its
thermal microwave emlzssion can
contain errors caused by a feature
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of emission formation in this complex system, represented by
floating sea ice, which may even be covered with snow. If we
consider the low probability of the appearance of clouds with
high moisture reserve and intense rainfall in the polar regions,
the maln interference during the determination of ice continuity
will be the appearance on the ice surface of water or water-
soaked snow during the spring-summer period. The appearance of
liguid water in any particular form on the 1ce surface sharply
lowers its emission and, therefore, 1t can lead to an apparent
reduction in continuity. A seconddfactor also tending to reduce
emission is the scattering by bulk inhomogeneities of density and
inclusions of air bubbles or salt water in the ice interior. /146
Scattering effects most strikingly manifested in the emission of
shelf glaclers of the Antarctic /11/ are discussed in the next
section. It can be assumed that using emission spectral feafures
assoclated with scattering can yleld information not only on
continuity but also on the internal structure and age of ice.

ATb 2k

200

a o I

0 i
56 6¢ 65 1 70 (1) 1]

€0 w0 130

Fig. 6.6. Profile of increment in brightness temperatures at the
wavelength A = 3.4 em in the transition from ocean to solid ice
fields (a) and the trajectory (I - I) of the satellife track
point (b}.
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Fig. 6.7. Map of ice continuity from Kosmos 243 satellite measure-
ments _
1. Continuity greater than scale 5; 4

2. Continuity less than scale 5 /127
XKEY: A. Antarctica

Fig. 6.6.shows the trend of the variation in radiobrightness
temperature at the wavelength A = 3.4 em as the satellite track
polnt (observation point) passes from the open sea to ice. In
the polar zone the projections of successive satellite orbits
pass close to each other, gradually shifting from day to day,
therefore the southern polar region in a short time was covered
with a dense network of data sufficlent to plot an lce continuity
map around the Antarctic /1_/

Ice continuity 4 for the plotting of the map was calculated /147
by the formula
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LTy Dice - T, water—
in Wh1Cho(Tb,i)water was calculated for the water temperature
TO = 2737, and (Tb,i)ice was calculated for the mean-climatic

temperature and the emission coefficient %m==Q9q

A map with two continuity gradations constructed from
measurements at wavelength A = 8.5 ecm and 4 = 3.4 em is shown
in Fig. 6.7. We note that the polar night is not a barrier for
the determination of parameters of ice floes, while television
tracking during this time of the year is powerless to provide
information. During the sunlit time, television tracking does /148
provide much greater resolution in the study of ice continuity.
However, cloud cover 1is an insurmountable obstacle in cobtaining
l1c¢ce pictures. The ccombination of ftelevision and microwave-range
observations can considerably broaden the possibility of inves-
tigation compared with using only cne of fthese means. Measure-
ments from Kosmos 384 were taken during the pdlar day in
Antartica. During this same time television images from the
Meteor satellite were also taken. Fig. 6.8 shows the results
of determining ice continuity from_television 1lmages and from
microwave-radiation measurements /13/. Where results of observa-
fions from both satellites are available, they coincide within
reasonable limits. In some regions, owing to the presence of
cloud cover, the 1ce continuity maps had to be plotfted only from
microwave observations.

It should be noted that bulk scattering in dce at the wave-
lengths 4 = 8.5 cm and A = 3.4 em is manifested much less than
at the shorter wavelengths 4= 1.35 em and 4 = 0.8 em. Therefore
the range 4 = 8.5 em and 4 = 3.4 cm is optimal for determining
the degree of ice continuity. '

2, Variations in Tenperature and Characteristics of State of /149
Solid Cover B

2=-1) Measurements of microwave radiation of continental
cover revealed a considerable scatter of the blackness factor in
the range 0.6 to 0.95 assoclated with a difference in the dielec-
tric constant of the soil material, the effect of wetting, and
the effect of plant cover. Actual data based on the results of
experiments on Kosmos 243 and Kosmos 384 are given in /T, 3-6,
13~15/. During observations made over homogeneous cover, it was
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1. From radiometric measurements of Kosmos
384

2. TFrom television dmages from the Meteor
satellite /137

KEY: A. Antarctica

possible to record latitudinal variations in radiobrightness
temperature dependent on the effective soill temperaturel. The
measured variations 1n effective soill temperatire then were
compared with the latifudinal variations of the mean-diurnal and
mean-monthly temperatures.

For example, as the field of view of the radiotelescope
passed over Australla from the southern coast to the northern
coast, the measured values of the difference in the radiobright-
ness temperature at the wavelength 8.5 cm (Fig. 6.9) were 16-18° C,
while the difference in the mean-monthly femperatures based on
meteorological station data was about 13°.

1 The concept "effective temperature" is defined in Section 2 of
Chapter Two.
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Fig. 6.10 presents a profile of the radiobrightness tempera-
ture at the wavelength 3.4 cm obtained during the flight of Kosmos
384 over West Africa and also reflecting changes in soll tempera-
ture recorded by meteorological stations. In Fig. 6.10 charac-
teristic regions can be observed: region 1 where a smooth decrease
in temperature from the coastline (89 N. Lat.) to the northern
tropics is observed; region 2 (the northern part of the Sahara)
where the temperature changes slowly:; and region 3, extending over
a mountalnous regilon along the coast of the Mediterranean Sea.

These data show that the measured varlatilons in radiobrlight-
ness:temperature at the wavelength 8.5 ecm image the latitudinal
variations of the averaged soil ftemperatures.

Processing of data from multi-wavelength measurements of
radiobrightness temperatures in regions well provided with
meteorlogical stations established /I5/ that at the wavelength
0.8 em the best correlation is obtained between radiobkightness
temperature Tb N and the measured soil temperature TS. The

R

results of these measurements obtalned over the section of the
orbit from the Black Sea to the Northern Urals are shown in

Fig. 6.11 /15/. The coefficient of correlation of radiobrightness
temperatures and soll temperatures from the data in Fig. 6.11 is
0.92.

The points of 1ntersection of the ascending and descending
orbits with a time difference of aboul half a day were used to
make estimates of the diurnal variations in radicbrightness
temperature. Diurnal variations of radiobrightness observed for
the desert regions or the Sahara and Australia at the wavelength
0.8 em were several degrees, which is much less than the varla-
tions in alr temperature in the near-Earth layer.

As the field of view passed over the mountainous regilons,
& drcp of several tens of degrees in the radiobrightness tempera-
ture was recorded. These changes 1n radiobrightness temperature
asscociated with the measurement of the effective soil temperature
at high elevations was observed in the areas of the Himalayas,
Tibet, Andes, and other mountain ranges. In Fig. 6.12 1s shown
a radiobrightness temperature profile during a pass over the
Himalayas. For comparison, also shown in Fig. 6.12 is an eleva-
tion profile of the range. As we can see by comparing these
profiles, changes in radiobrightness temperature correlate well
with changes in elevation above sea level.

2=2) Measurements of microwave radiation of continental

cover In the high-altitude zones revealed spectral features of
the radiative properties of glacilers assoclated with latitudinal
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variations in temperature and with spectral changes in the black-
ness factor. Measurements during a pass of Xosmos 243 over the
Antarctic yielded a wedlth of material on the emission of ice
formations.®
E

A characteristic profile of radiobrightness temperatures at
wavelengths A = 1.35 cm and 4 = 3.4 cm obtained during a transect
*of the Antarctic continent? is shown in Fig. 6.13. It is clear /151
from the flgure that the radiobrightness of continental ice falls
off with decrease 1in wavelength. This is observed somewhat less
for sea ice. In the profile in Fig. 6.13 we can see small local
changes in radiobrightness that may be caused by a variation in
both the temperature and the blackness factor of the glacier g
surfage.

The radiobrightness profile shown in Fig. 6.181 was obtalned
during a pass oi the satellite over i1ce shelfs. In this figure
it is clear that in several cases (for the Amery and Lazarev)ice
shelfs) the dependence of radiobrightness on wavelength is some-
what different from over continental ice: radiobrightness at
the wavelength A = 3.4 ecm is less than at the wavelength 1.35 cm.

e At low temperatures the water vapor content in the atmosphere was
low and in measurements made over ice in the polar regions distor-
tions in the brightness of the underlying surface due to absorption
in the region of the resonance A = 1.35 cm were slight.
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An idea of the emission spectrum of continuous ses ice is
given by Fig. 6.14, where we should particularly note the section
of the pass over Rozs Sea. In this sea ice continuity is known
to be elose to scale 10, and thus the effect of open pools of
water on the radiobrightness is precluded. A reduction in radio-
brightness with decrease in emission wavelength is also readily
detectable over the Ross Sea in the emission speetrum.

Just as mottled a radiation pattern as the one noted over
the Antarctic was evidenced also in the northern hemisphere.

Fig. 6.16 shows the results of measurements of T, . at the wave-
3

length A= 3.4 ¢cm during one of the orbits over Greenland. A
region with reduced radiobrightness can be seen in this figure.

In some regions of the Antarctic contlinent sections quite
homogeneous in their radiation parameters were encountered. Fig.
£.17 presents data of measurements taken over such a homogeneous
section 1in the absence of clouds. These data were obtained from
simultaneous measurements by Kosmos 384 of radiobrightness Ty,

A
at wavelength 0.8 cm and radiation temperature Tr in the infrared

10-12 #m window. The general trend of variation in both radio-
brightness and radlation temperature follows the mean-monthly
temperature plotted on this same graph. A correlation graph

(Fig. 6.18) gives a more detailed idea of the relationship between

Tr and Tb A and indicates relative constancy of the emissivity of
3

the glaclers {(at the wavelength 0.8 cm) over fairly extended

sections.

In Fig. 6.19 is presented a comparison of the brightness
temperatures at the wavelength A = 1.35 cm with the mean-monthly
ailr Cemperatures for exftensive regions of continental glaciers.
In spite of the large scatter of data, this plot enables us to
estimate the mean blackness factor for }\= 1.35 with the value

= 0.85,

- Features of the radio emission spectrum of ice are illus- /155
trated by the correlation plot in Fig. 6.20, where measurements
are compared at two wavelengths { = 3.4 em and A = 1.35 cm,
classified by different types of ice formations. First of all
we should note that the experimental data pertainling to different
geographical regions do not overlap in the plect in Fig. 6.20.

For sea ice, and especially for continental ice, radiobrightness

at wavelength A = 1.35 cem is much less than at the wavelength

A= 3.4 em. For ice shelfs radiobrightness values at these wave-
lengths are close to each other, while the absolute radiobrightness
values at a glven wavelength are much lower than for continental
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of the ice shelf formatlions.

Random dsnsity variations from layer to layer, alr inclusions in

continental ice, or inclusions of brine bubbles 1in sea ice, and

so on are these kinds of inhomogeneities. The emission of weakly

absorbing medis, which include continental and shelf glaciers,

when inhomogeneities are present, was examined in Chapter Two,

Section 3. Also established there 1s a relationship between the

emission spectrum and the parameters characterlizing the random

structure of glaciers. Measurements of emission spectra from

Kosmos 243 make it possible to compare the results of calculation

with experimental data /11/.

Fig. 6.21 gives examples of radiobrightness spectra for
shelf and continental glaciers. These spectra, cobtalined from
synchronous measurements at four wavelengths, graphically reflect
the nonmonotonic dependence of radiobrightness on wavelength. In
spite of the large scatter of abstlute radiobrightness values Tb i
LR

(the extreme values are taken for illustration), in Fig. 6.21 we
can note that they are virtually all much lower than the values
corresponding to the homogeneous flrn structure and that the
radiobrightness minimum is shifted toward the side of longer
wavelengths for ice shelfs.

In Fig. 6.22 the averaged experimental data are compared

with calculated data based on Eg. (2.23). 1In spite of the large
scabter of experimental values, 1t can be noted that the calcu- /157
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Fig. 6.22. Comparigson of averaged meas-

ured spectra of radiobrightness (1) with
reference to (2) for random-inhomogeneous
medium (based on Eq. (2.23) [11]

a. shelf glaciers b. continental glaciers

lation duite closely
conveys the trend orf
the spectral function
and gives radio-
brightness values
that are in agree-
ment with measure-
ments. Comparison
with calculation
vermits an estimate
of the roct-mean-
square deviation of
the firn density for
the less homogeneous
ice shelfs o = 2.7"

2 3 P
*10 g/ecm” and for
the more homogeneocus

continental glacilers
o,y = 1.5°107° 3

g/cm”,
These values agree
closely with the
independent estlmates
that can be obtalned
from the data given

in /16/.

2-3) Zones of
wet solls that have
linear dimensions
commensurable with
the dimensions of
the fleld of view
were reliagbly
recorded from the
satellites based
on radiobrightness
contrasts. Examples
of thege observations
are in Figs. 6.23 and
6.24.

Fig. 6.23 shows
a profile of the
radiobrightness
temperature at the
wavelength 8.5 cm
obtained dver a wet
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zone in the lower reaches of the Orinoco River in South America. From
estimates made on the basis of the molsture content dependence of

the radiobrightness temperature (Section 6, Chapter Two), soil
moisture content in this region is 25-30 percent. In Fig. 6.24

the radiobrightness temperature profile can detect zones with

12-16 percent so0il moisture on the African continent. In the

region marked by number 2, the wetting was evidently caused by

heavy tropical showers.

Comparison of the data of radiometric measurements with direct
measurements of soil moisture by agrometeorologlcal stations was
made 1n /15/ for two projections of trajectories of AES extending
from the Black Sea to Obskaya Guba on 23-24 September 1968. It
was found that the mean value of the derivative of the moisture
dependence of the soill blackness factor 1s close to zero at the /158
wavelength 0.8 e¢m and increases with lncrease in wavelength.

'E.ﬂf]\—

Caribbean]
|, Seal

South. Americal

Ty =
| g] B @[ ook
i wxnl S T
| . [ - . T 'a . ; | 1 -
4°N. Lat) /2°N. Latl ﬁQN Lat, - #5°N, Lat
65°W, ‘Long) 66°W, Long. 2A°F, Long] iy’E ‘Long.f
Fig. 6.23. Radlobrightness Flg 6.24. Radiobrightness

temperature proflile at the
wavelength 4 = 8.5 cm for
the area of South America
covering the lower reaches
of the Orinoco River (24

Sep 68)
1. Zone with 1ncreased soil
m01stpre
é _ B
74 20 _oog
Oooa
g9 ! !
[ g g p:r/] 37
B 6.25,
Pig. 6.25.
length A =

temperature profile at the
wavelength A = 8.5 cm of the

area of the African continent

covering the equatorlal region

(23 Sep 68) /5 7

l,2. Zonhes with increased soil
moisture

AR
J7 ﬁ,"/o

Dependence of blackness factor at wave-
3.4 em (a) and 8.5 em (b) on soil molsture

characteristics (according to data in /I5/)

1. Experimental data

1704

2. Averaged data



The effect of the reduced influence of soll molsture on
emlissivity observed in the short-wave section of the centimeter
range is accounted for by the sereening action of plant cover.

In Fig. 6.25 we present data of thils comparison for the longest
of the wavelengths used (4 = 3.4 em and 4 = 8.5 cm), for which -
the influence of moisture on the blackness factor is most marked.

A comparison of experimental data (Fig. 6.25) with calculated
estimates (see Fig. 2.7, Chapter Two) shows a nearly twofold drop
in the slope of the experimental function compared with the
caleculated function. This discrepancy is evidently caused by the
screening action of plant cover and by the roughness of the
actual underlying surface. The masking action of vegetation on
-the determination of scil moisture is especially strongly evident
when observations are made from space in the millimeter wavelength
range.

3. Water Vapor Content in Atmosphere Over Oceans /159

In Chapters Three and Four it was shown to be possible to
determine the content of precipitable water from emission measure-
ments at the wavelength 1.35 cm and 0.5 cm. In thisg section we
will examine the determination of water vapor from satellite
measurements and we will present some statistical results obtalned
from measurements taken with Kosmos 243; we will alsc analyze the
relationship between the synoptle situation and the distribution
of the integrated water vapor content over oceans.

'3-1) The dependence of the brightness temperature of outgoing
emission at_the wavelength 1.35 ¢m on the integrated water vapor
content /17/ is:

_ _2
Tb,A = 18Q (g em °) + 127, (6.5)

which was discussed in Chapter Three; thilis function can be used

in determining the water vapor content from brightness temperature
measurements. We note that in /187, based on altogether independent
material, a calculation was alsoc made of a linear function, whose
coefflclents agree to an accuracy of 2 percent with Eg. (6.5).

When liquid-droplet cloud cover is present, which shows up
clearly in radiometer readings at the wavelength 0.8 em, Eq. (6.5)
cannhot be used and we must introduce a correction that takes
absorption in c¢louds into account.

The optical thickness of a cloudfree atmosphere at the wave-
length A = 0.8 cm can be calculated by the approximate formula
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0.0, -+ Ta, mo == 0,060 - 0,0140Q, / (6.6)
which ensures an accuracy of 0.0l neper for actual conditions over
the oceans. For the wavelength 1.35 cm, by processing radicsond

data, the following formula is obtained:

Dot Buno = 0,015+ 0,080, | (6.7)
The optical thickness of clouds in the Ra¥leigh approximation 1s
inversely proportional to the square of the wavelength in fthe
wavelength range AL > AS (§e€ Section 2, Chapter Four). With

reference to the temperature dependence of the dielectric para-
meters of water, we can obtain the following function for the

ratioc of the optical thicknesses of cloud cover Th. el at the
>

wavelength 0.8 cm and 1.35 cm:

B

1:;1,-35.01‘ = A(Tc1 ) Tp.s,cl ; {(6.8)

The coefficient A(Tcl) depends on the cloud temperature /19/:

A (20° ¢) = 0.34; A (0° ¢) = 0.36; and-a0{-20°=C).%3@.43. For
calculations in the processing of satellite, to the flrst approxi-
mation the value A = 0.36 was adopted, since the true temperature

of droplets 1n the absorbing portion of a cloud was unknown.
Measurements in the infrared region, taken by the satellite, could /160
give only the temperature of the top of the c¢loud cover.

The approximate relation

To = T — AT (1 R — 7, | (6.9)

in which B =1 —x,, | and AT is the correction for the noniso-

thermicity of the atmosphere can be used 1n determining the total
absorption of water wvapor, oxygen, and droplet water from bright-
ness temperature measurements. It can be assumed wilith sufficient
accuracy that AT=01T,Jwhere T_ is the temperature of the ocean

surface. Eg. (6.9) does not make allowance for the scatfering of
radiation that i1s insubstantial ineclouds, and this eguation can
be consldered as an equation in Tt The solution (6.9) can be
wrltten as follows:

mATj:VhﬁATp+4nlww—ATHTW—Thl;AT) (6.10)
2R, o — A1)

T, =—In

e e et T
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sy AT

The plus sign 1s taken for 'q<< l NP YN

otherwise the
minus sign is used. Qver the,ocean the value 7 = 3-U4 corresponds
to the sign change for 1 > 0.8 cm.

Thus, by determining the wvalues of 17, from measurements
according to Egq. (6.10), we can, by using the system of equations
(6.6), (6.7), and (6.8), calculate Q when cldud cover is present.

3-2) Before we proceed to set forth the results of the
experiment conducted on Kosmos 243, it is of interest to discuss
the possible sources of errors that are implicitly contained in
the above-presented scheme of the ealculation of Q. First of
all, they include the following: a) indeterminacy of the coeffi-

e,

Cients R& and Ma¥-1-R{} which depend on the state of the sea

surface, and b) indeterminacy of the vertlcal distribution of
water vapor by altitude. The indeterminacy of cloud temperature
1s more strongly reflected in the determination of the total
content of droplet water in the eclouds. Also, the deviation
from the Rayleigh law of scattering and absorptlon in precipi-
tation, especially for the shortest wavelengths /20/ introduces
an appreciable error.

The indeterminacy assoclated with the variations in emissivity
was analyzed in /21/ where 1t was shown that 1f fhe wvariations

of the reflection coefflclents cSR/L depend on the wavelength,

therefore in this way a certain error is introduced into the
determination of Q. As discussed in Section 3 of Chapter One
and 1n Seetion 1 of this present chapter, the céefficient of
reflection of water drops off when spume forms on its surface.
The spectral dependence of the reflection ceoefficlient when spume
is present has not been studied in detail, however, 1t was
established that the effect of spume 1s more strongly evident

at shorter wavelengths. Therefore, by specifying the simplest
model of the exponéntial dependence of variations in the reflec-
tion coefficient on wavelength !

8By, = (OB, | (6.11)
we can estimate the order of magnitude of the error 6Q in deter- /161
mining the integrated moisture content at two different wave- ‘

lengths G.8 c¢m and 1.35 cm.

Some substantiation for the exponential function is
represented by experimental data on the emission of storm regions
shown \Min Fig. 6.3, from which there follows a function for 4R,
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that is close toothe exponential with exponent n = 1. If we take
GR& = 0.07-at the wavelength A = 1.35 {(which evidently is the

upper estimate on the condition that averaging is taken over a
large spot), the error in determining the moisture content for
different n can be obtained from the following calculated data:

n 0 i 2 3
8Q g/em2| —04  —045 0 0,5

When n = 2, the error 1s absent, for in this case the effect
of variations in the coefficient reflection is indistinguishable
from the manifestation of c¢loud cover. When the exponent n = 1,
which evidently is close to the actual situation, the error
80 = -0.15 g/cm? is small, several times less than the root-mean-
square variations in @ associated with change in weather.

The indeterminacy in the vertical distribution of water vapor
leads to the fact that the coefficient of 0.08 in Eq. (6.7)
actually can change somewhat, but not more than by 6 percent.

In %urn, this will lead to the same relative error in the deter-
mination of Q. This error, if one considers that wariations can
exceed 50 percent of the mean value can be recognized as insub-
stantial in the first stage of investigations. Spectral measure-
ments in the viecinity of the resonance, discussed in Chapters
Three and Four, can refine the vertical distribution and, thus,
reduce the indeterminacy in the reconstruction of @ from radio-
metric measurements associated with thils distribution.

Departures from the Rayleigh law of scattering and absorption
for radiation with A > 0.8 cm can occur during rainy periocds.
Moving somewhat ahead of ourselves, we note that probable areas
of rainfall were delimited by the abrupt rise in the absorption
of microwave radiation, leading to a readily noticeable rise in
brightness temperature not only at the wavelengths 0.8 ecm, but

~also at the wavelengths 3.4 c¢m and even 8.5 em. However, this
delimitation was nonunigque owing to the presence of stormy reglons,
where a similar rise in brightness was caused by a change in the
coefficient of reflection to the spume.

A detalled discussion of this problem based on satellite
measurements can be found in Sectvion 1 of this chapter. In addi-
tion, during precipitation absorption becomes so intense that the
reconsgtruction of T4 from measurements of Tb,A proceeds with high

error. The range of problems asscclated with the source of error
discussed in this section is quite broad and at the present time /162
no reliable estimates of the determination errors are available3.

3.£Footnote appears on following page;7
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‘o Aispéeificallycsatéllnte jaspectnefithe originaof theiér@érﬁ.,
in the determination of Q when precipitation 1s present bears L
noting. During satellite measurements, the brightness temperature
is averaged over the antenna radiation pattern. The size of the
corresponding spot on the Earth's surface can markedly exceed
the dimensions of the precipitation area of the most intense
precipitation. Owing to the strongly nonlinear relation between
'I'b 1 and 7& (6.9), when T = 1, the mean brightness temperature

2
Tb,& no longer will correspond to the optical thickness U that
is averaged over the radiation pattern. We can show tThat the
effects assoclated with this situation understate [the value of Q
obtained from radiomefric measurements.

The necessity of taking into account numerous factors when
solving the simplest inversé problem of satellite atmospheric
sensing -- determining water vapor content in the vertical column
of unit cross sections -- requires careful handling of the problems
of equipment calibration and subsequent monitoring of the results
of reconstruction based on independent measurements.

To determine the water vapor content, absolute values of
brightness temperatures are needed. When preparing an experiment,
the radiometer sensitivity (coefficient of proportlonality between
antenna temperature and the output signal of the radiometer) was
determined from ilaboratory calibration, and then the calibration
was monitored by built-in sources -- noise generators. However,
to obtain reliable absolute values of the brightness temperature
it was required to tie in the radiometer scales during the Tlight.
The tie-in involved finding the scale zero point. " One | possible
method of tying in radiometer readings 1s based on meansclimatic
atmospheric data /17/. - Since in one orbit the Kosmos 243 satel-
lite took measurements twice in the belt from 71.3° N. Lat. to
71.3°9 3. Lat., in a fairly short period, for example, in one 24~
hour day, a large number of measurements N could be acqulred,
for whieh the brightness temperatures will be independent. Then,
by using mean-climatic data, one can tie in the safellite radio-
meter readings to the absolute scale. This tie-in was conducted
based on measurements only 1in cloud-free regions and in the
absence of storms. The accuracy of the tle-in based on mean-

climatic data was (@”;:Pﬁhﬁfwj where (wégﬂryq is the root-mean-

3 We note that, evidently, an insufficlently correct redof@ing of
absorption in droplet precipitation led most likely to the over-
stated values of Q: higher than 6 g/cm? (see /227), which are
obtained, respectively, for large brightness temperatures at the
wavelength 0.8 cm.
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square deviation of the brightness temperature T, A from its
sh o= o
mean-climatlic value. An 1ldea of the magnitudes of «Qﬁhﬁﬂ%\ is

given by Table 13 which contains the results of calculation of = /163

the brightness temperature of outgoing radiation based on corre-
lation matrices of air temperature and humldity over the ocean.
In the calculation of Tb‘A , use was made of formulas from

>

Section 1, Chapter Three for the absorption coefficients with
dimers taken into account. These play a marked role only at the
wavelength 0.8 cm.

"TABLE 13. MEAN BRIGHTNESS TEMPERATURES Tb 1 AND ROOT-

e 2
MEAN SQUARE DEVIATIONS BTy, o)) f CALCULATED FROM
CORRELATION MATRICES OF RADIOSONDES FROM WEATHER SHIPS

Coordinates . of A Ao b el _
'Station and.S&ason Th, e | @Ty, 00 e | Tpowe | GTp 0"
K K oK °K
B 1«0 250 T —
1627 N.Lat. 337 W.Long. | 15 1,35 151 12,9 /
" January T
1 532 N.Lat. 36 W.Long. .|l .
: January H 156 3,54 6,6
July | 159 2,52 173 9,0
Wye N,Lat. 41° W.Long. | _
January i| 136 2,42 144 8.9
: July o 160 3,10 162 12,9
- 350 N.Lat., 48" W.Long.[ : _ )
' January J 1 st 4,21 172 10,5
July Gl 182 A4 18 13,7

The sections free of clouds over the cocean were delimited
from readings of an infrared radiometer with a 10-12 um band filter
installed on the AES /23, 247. During the first day 80 such
regions were delimited, more or less uniformly distributed lati-
fudinally. Over these sections, a tle-in of scales was carried
out, which essentially amounted only to correcting the attenuation
in the antenna-waveguide line. The correction only somewhat
increased the error of laboratory measurements of attenuation in
the 1line,

Fig. 6.26 presents the calculated dependence of brightness
temperature on time for one orbit of the satellite track, and
the points refer to experimental values of the brightness tempera-
tures ror the delimited cloud-free sections with reference to the
tie-in. The root-mean-square deviation of the experimental values
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of the brightness temperatures at the wavelength 4 = 1.35 cm was

11° X in good agreement with Table 13. A similar tie-in procedure

was conducted also for the wavelength 0.8 cm and led to a root-
mean-square deviation from the mean-climatic function of 5.39 K,

which is also 1n agreement wlth the estimate from Table 13 when

the fluctuational sensitivity of the equipment is taken into

account. Use of these B0 independent. sections permits estimating /164
the accuracy of the tie-in to the order of 19 X for the 0.8 and

1.35 cm ranges.

Delimitation in subsequent days of cloud-free sectlons
demonstrated the stability of radiometer performance.

The above-described tie-in methed is quite cumbersome and
of course not fthe only one. The scale can be calibrated by
individual peints over land and cver sea, for which points 3ll
the required meteorological parameters are known, without resorting
"to specifically laboratory callbrations. However, the tie-in
method based on mean-climatic data with correction of eguipment
parameters based on these data has definite advantages.

First of all, using mean-climatic data does not require
reference points with well-known meteorological parameters and,
rather, these points can be used for monitoring.

Secondly, the method is based on relatively stable and well-
studied meansclimatic functions and closely studied characteristics
of the sea surface. Calibration based on the land-sea gradient is
made difficult by the indeterminacy of the coefflcient of emission
of the continental surface.

. Finally, the statistical nature of the method permits both a
reduction in the influence of random errors in measurements and
in data transmission, as well as the neglect of small- scale and
short-lived variations of atmospheric parameters that can distort
the conversion from calculated parameters at the reference point
to satellite instrument readings.

To verify the accuracy of the determination of @ from satel-
lite data, vertical temperature and humidity profiles were
collected, obtained on weather ships and island meteorological
stations.

From these, it was possible to collect 38 realizations in
3 days: 33 in the northern and 5 in the southern hemispheres,
which were measured not farther than 150 km from the satellite
track and were shifted in time by no more than 3 hours from
satellite measurements. Generally, measurements in two wave-

4
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lengths -- 0.8 em and 1.35 em -— were used in determining Q. At
large 0.8 > 1.0, measurements at the wavelength 3.8 cm were

—a_

— ‘ Ty, { ko
resorted to in monitoring the observance of the function.;r-rtjj)

" v
Fig. 6.27 is a correlation plot of the comparison of the Q,pq
values measured from the satellite and tThe QSON values obtained

by integrating radiosonde profiles. The good agreement between
these measurements, which were entirely independent, can be noted.
The coefficient of correlation between the results of the radio-
sonde and satellite measurements was 0.98. The root-mean-square
deviation of the difference of these measurements was 0.2 g/cm2

as Q was varied from 0.6 to 5.2 g/cm®. It should be noted that
when precipitation is present, the accuracy of the measurements
will be less than the value relating to mean conditions.

{Tb¢l,°f‘ : _4.16_5

\ 2001 | ]

| —

- 180 -
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Fig. 6.26. Calculated mean- SON? .
elimatic trend of brightness Fig. 6.27. Comparison of satel-
temperature at wavelength lite and radiosonde determinations
A= 1.35 cm for September of moisture content Q
(1) and experimental values 1. Ideal agreement -
(2) obtained in cloud-free 2. Experimental data /17/

regions /17/

If one consliders _that @ in the ocean can varg at the same
station by 2-2.5 g/cm? /257, an error of 0.2 g/em® is admissible,
and satellite measurements to the accuracy already attained during
the experiment on Kosmos 243 can yield useful Information on the
water vapor confent over the oceans, over whose extensive expanses
virtually no gquantitative measurements of atmospheric parameters
are made.

3-4)% The set of the results of brightness temperature
measurements at the wavelength 0.8 cm and 1.35 cm made from the
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satellite and the @ valueg calculated from these measurements can
be regarded as a stochastlic ensemble. To describe the random
variables, it is natural to use probability distributions and

the simplest characteristics of these distributions: mean values
and root-mean-square deviations. This statistical approach
permits generalizing the set of measurements and representing
their results in a compact, graphical form. In this section we
will examine several statistical generalizations of the results
of measurements made on Kosmos 243 pertaining to determining the
water wvapor content in the atmosphere.

One of the key parameters of the probablility distributions
will be the latitude of the location or the quantities assoclated
with it, for example ocean surface temperature. In Fig. 6.28 is
shown the probability distribution for brightness temperatures
at the wavelength 1.35 cmj; latitude is the parameter of the
family of curves. In Fig. 6.29 is shown the latitudinal dependénce
of the probability of the brightness temperature deviating at the
wavelength 0.8 cm from the mean-climatic value. This function /166
shows that in spite of the closeness to the fall equlnox, the
distribution of brightness temperatures is asymmetrlc relative
to the equator.” This asymmetry ls evidently assoclated with the
thermal inertia of the oceans. Besides the infterest that these
distributions represent for designers of future satellites,
several more conclusions can be drawn from them.

200 ..

N

{_

| . J0°
L8 E0e F 0 30° BN

Fig. 6.28. Empirital probabiility  Fig. 6.29. Probability of

distributions for brightness prightening compared with
temperatures measured from mean climate at the wave-
Kosmos 243 at the wavelength_ _ Jength A = 0.8 cm as a

A = 1.35 cm over the ocean /12/ function of latitude based
Numbers by curves represent on Kosmos 243 measurements
latitudes: , Numbers by curves represent
1. Southern hemisphere brightening in OK /127

2., Northern hemisphere
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In roughly 30-40 percent of the cases (averaged over all
latitudes ), the increment In brighthess temperature is less than

50 K -- the minimum level detectable in. the experiment. This
agrees closely (considering the relative duration of the experi-
ment -~ several days) with the modern concept of the covering of

the globe by eclouds. Small brightening not exceeding 10° and
net representing in practice a barrier to the determination of

@ 1s observed in roughly 50 percent of the cases and in only 5
percent of the cases does the brightening exceed 30°. With such
a high excess, 1t is highly probable that considerable precipi-
tation will fall, and careful analysis 1s required to obtain
information on the water vapor content.

Fig. 6.30 is a histogram of the distribution of Q in the
polar wegions and in the lower latitudes. Ocean temperature 1s
the histogram parameter. Cases of cloud-free situations are
shown in the histogram or, to be more exact, cases in which
cloud cover was not scanned at the wavelength 0.8 em. Curiously,
in the lower latitudes there is a very broad range of variation /167
in Q and, as was noted in Section 3 of Chapter Three, this para-
meter over the ccean correlates poorly with the humldity of the
near-water alr. Smaller variations, compared with the mean value,
are observed also in the high latitudes.

Observations made globally make if possible to estimate the
distribution of water wvapor over the oceans. If one conslders
that about 30 percent of solar heat received by the Earth is
expended in evaporatlon, and that the influx of latent heat of
evaporation in the atmosphere is 15 times greater than the rate
of generation of klnetic energy /27/, study of the distribution
of water wvapor over the oceans is, in addition to all else,

a problem in finding the energy reserves in the atmosphere at

the site of their orlginaticn. In Fig. 6.31 is presented the
latitudinal distribution of precipitable water over three oceans,
and in Fig. 6.32 the globally averaged distributlion of precipitable
water over the oceans. Fig. 6.32 alsoc shows the limits of the
variatlons in the water vapor content. The data in Fig. 6.31
indicate that the latitudinal trend over all the oceans on the
average is the same and that, in spite of the fall equinox, there
is more water wvapor in the northern hemisphere. Evidently, this
is also a consequency of the inertia of the system active ocean
layer-atmosphere. An estimate of the total mass of water vapor
in the entire Earth's atmosphere /267 obtained by a reasonable
extrapolation of the data in Fig. 6.32 leads to an Earth-mean
amount of precipitable water equal to 2. 4 g/emc, in agreement
with the estimates given in /27/

3-5} Besides the statistical analysis of the results of ‘
measurement over the ocean, it is also possible to analyze indi- }
vidual realizations 1n a set with all the available meteoroclogical
information.
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Fig, 6.33.:shows the variation in moisture content along an
orbit from the equator up to 70° N. Lat. The variation in Q 1is
not monoctonic and in general reflects a complicated pattern of
movement of dry and mecist air masses. Since satellite measurements
proceeded continuously, by using both the ascending as well as the
descending sections in subsequent orbits, one can enter on the plot
Q values along an orbit and consider this fleld as the basis for
compiling a humidity map, bearing in mind some degree of nonsyn-
chronicity in the data obtained.

When Q values were plotted on the map of the southern hemi-
sphere where the oceans occupy a greater surface, it was found
that there is a fairly well-defined delimiting line between the
dry air of the polar and middle latitudes and the molster air
characteristic of the tropical latitudes /1_/. Analysis of
baric fields in this region /28/ showed a definite relationship
between the distribution of moisture content and the synoptilc
situation in this region. The interfaces of dry and moist air
were plotted on the synoptic map (Fig. 6.34), with the latitude
of the transition from Q £ 1 g/cm? to Q » 4 g/cme indicated. An
examination of the inteffaces in the western hemisphere showed
they run between cyclone sweeping masses of tropical air toward /168
the south, and the anticyclone carrying masses of polar air
toward the north. In the ecastern hemisphere the interface also
extends north of an extensive anticyclone. Thus, circulation of
the baric systems 1s reflected in the distribution field of moisture
content Q.
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Fig. 6.30. Histograms of the Fig. 6.31. Latitudinal distri-
distribution of @ in polar bution of mean values of Q
regions (1) and in the lower pased on Kosmos 243 measurements
latitudes (2) in conditions of over the ocean

low cloud cover (W < 0.2 kg/m?) 1. Pacifie

Numbers by curves (distributlon 2. TIndian o

parameter) represent temperature 3. Atlantic /26/

of ocean surface in ©9C /26/

181!



o 182%

. 4, 8/¢m L .

| N —_— 4g/cn”

.i# - ' 4

b zt

| EA Al | ] . :

i a - L I airings ’1 5°0N1*§T_Lat :1/] 4 &7 75N Lat.

LA B A B A

Fig. 6.33. Variation in mois-

Fig. 6.32. Latitudinal distri- thre Gofifent Q along one of
bution of mean molsture content the crbits of satellite tra-
over all bodies of water (1) Jectory_over the Atlantic
and its variation (2) £2§/ Ocean /1 _/

Analysis of the molsture content field in the northern
hemisphere together with the synoptic infermation and the use of
satellite television cloud-cover pictures was made for the Pacific
Ocean in /29, 30/ and for the Atlantic Ocean in /30, 31/.

The fact that the most reliable data on Q@ were obtained over
extensive bodies of water is of special interest, since quantitative
data on the cdondition of the atmosphere over the oceans are
extremely scanty. At the same time owing to the presence of cloud /169
cover the use of infrared band for quantitative measuraments
throughout the entire atmosphere proves to be extremely difficult.
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Fig. 6.34. Comparison of ground baric field with dry .
alr-moist air interfaces determined from satellite

measurements /28/

1. Boundary between dry air and meist air

2. Width of boundary
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Maps of total moisture congent in /29, 397-were'plotted as
Tfollows: Projections of satellite orbital planes were entered
onto a map of the ocean body of water in four to five subsequent
orbits. Valuss of the total moisture content of the atmosphere
Q in g/cm? with gradations 0.5 g/cm2 were denoted at the points
lying along the projections of the orbits at a distance from each
other of approximately 200 km (Fig. 6.35). Radiosonde data at
the stations noted by the points on the map revised the position
of the Q i1solines between projections of the satellite orbit.

A certain amount of nonsynchreonicity of the data plotted 1s
a distingulishing feature of the moisture content maps thus con- ]
structed. Data along one orbit in the reglon of the equator and
in the area of 709 N. Lat. differed from cach other in time by
about 15 min., The time of measurement in a single orbit differed
from the time of measurement in the subsequent (at the same lati-
tude) orbit by 1.5 hr. Therefore, in plotting the moisture con- /170
tent map based on data from five orbits, the time for measuring
The meoisture content over the western part of the ocean wlll
differ . .from the time required to measure it over the eastern
part, by 6 hr. However, as showh by a comparison of the data
for three subsequent orbits over the same regions, the total
moisture content is a quite conservative quantity, when the
synoptic situation in the given reglon remains unchanged: the
maximum variation in @ over the period of a day was 1.5 g/cm” at
several points of _the ITCZ (intratropical convergence zone), while
it was 0-0.5 g/cm2 in the mid- and high latltudes, as a rule.
Therefore this molsture content map can to the first approximation
be interpreted and analyzed as an integral whole.

All the remaining forms of information resorted fto in the
anglysis (synoptic maps, baric topography maps, and maps of
nephanalysis) were taken for the time periods so that the dis-
continuity in Pile; between them was within 6 hr.

In the combined analysis, use was also made of the synoptic
map for 15:00 (Moscow Time) on the same day as the nephanalysis
data plotted on 1t from meteorological satellites ESSA-6 and
ESSA-7. By comparing this map shown in Fig. 6.35, it became
clear that well-defined narrow tongues of moist air bounded by
a zone with increased molsture content gradients correspond to
the atmospheric fronts -- one assoclated with the c¢ycleone in the
Gulf of Alaska, and the other associated with the cyclone along
the coasts of Chukotka.

Sources of dry ailr correspond to a high-pressure ridge south
of Kamchatka, the antiecyclones south of the Aleutlan Islands, and
the anticyclone along the coasts of the United States, as well as
a ridge oriented from the first of the anticyclones listed toward
the southwest.
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In the south, in the equatorial zone sources of maximum mols-—
ture content were observed, assoclated with the ITCZ, one branch
of which stretched from 1500 E. Long. to 170° W. Long. (5-99 N.
Lat.), and the other -~ from 170° to 140° W. Long. (6-7° N. Lat.).
A belt of relatively dry ailr. with minimum integrated moisture
content of 2 g/cm® in the area of 170° W. Long. stretched along
the equator itselfl.

The twe above-listed anticyclones (the one south of the
Aleutian Isiands and the one Along the coasts of the Unlted States)
on the moisture content maps are characterized by dry alr sources.
The weather conditions in these sources are different on the
synoptic maps. A thick continuous cloud cover 1s observed in
the anticyclone south of the Aleutian Islands, while limited
cumuloid cloud cover is observed in the cyeclone along the coast
of the United States. The specific moisture content at the ocean
surface (based on ground meteorclogical observations) in the latter
anticyclone is higher than in the former (10-1l and 6-9 g/kg,
respectively).

The resulting maps of total moilsture content refine the
position of the atmospheric front associated with the cyclone iIn /172
the Gulf of Alaska on the synoptic map. From the data of the
total moisture content maps, this front extends somewhat to the
south. This i§ further confirmed by the fact that on the synoptic
maps and the total molsture content maps, on subsequent days it
was displaced southward. The revised front positlon is entered
onto the map in Fig. 6.35 with a dashed line.

Analysis of the integrated moisture content fleld over the
3 days 23-25 September 1968, made by drawing upon aerial synoptic
material, revealed the following.

In the northern part of the Pacifie Ocean (north of the
equator) three latitudinally oriented regions can be readily
traced, differing from each other both in total molsture content
as well as by the natire of the sources of dry and moist air.
From 60° to 40° N. Lat. is a belt of reduced moisture content
(the minimum moisture content of the central parts of the dry air
sources 1is — 0.5 g/cmz). Sources of driest alr are stretched in
the meridicnal direction and correspond to the central parts of
the anticyciones at these latt:tudes. It should be noted that
sources of dry air correspond to the anticyclones, regardless of
what weather is observed in this anticyclone. From 200 to 5-40
N. Lat. is a belt of moist air. Sources of maximum molature
content (Q = 5.5 g/cmz) are quite narrow, latitudinally elongated
reglons. These sources of elevated moisture content lie along
the ITCZ and correspond to cloud formations in thils zone. The
equatorial dry zone (Q = 2 g/cm2) can be readily traced along the
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Fig. 6.35. Fleld of moisture conteant @ over the mortheryi part of the
Pacific Ocean on 23 Sep 1968 with atmospheric fronts plotted on it

Broken curve denotes refinement of front position in the area of
Alaska from satellite observations /29/
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equator. Part of the Pacific Ocean from 40° to 20° N. Lat. is a
zone where in general there 1s an exchange between the dry northerly
and moist southerly alr masses. In thils region tongues of moist air
directed south-to-north alternate with tongues of dry air oriented
in the opposite direction. The moist. air tongues can propagate
farther to the north and penetrate the northern dry belt, just as
the dry tongues can penetrate the moist southern belt.

Perietration of significant drier masses far to the south leads
to the disappearance of the narrow belt of maximum moisture content.
At the same time the cloud cover of the ITCZ is observed to break
up. Narrow tongues of moist alr correspond to frontal interfaces
in the moisture content maps, and the ftransition te the narrow
tongues of moist air from regions of dry air is characterized by
high gradients of integrated moisture content. Regions of reduced
moisture content correspond to high pressure ridges in the moisture
content maps.

Over the ccean the warmer air masses are also more moist.
This conclusion is well confirmed by averaged maps of total atmo-
spheric mecisture content. However, as can be seen in the dailly
maps of integrated moisture content obtalned from data of measure-
ments made on Kosmos 243, a smooth rise in the total moisture
content from morth to south 1s disrupted as a result of the /173
formation of atmospheric perturbations and their displacement in
a particular direction. The redistribution of dry and moist air
masses can be accounted for by the inceptlion of descending and
ascending air movements. Descending movements are accompanied
by considerable settling, adlabatic compression, and streaming
(divergence of air masses) in the lower layers in antlcyclones
and reglons of elevated pressure, while the ascending movements
lead to the opposite results in cyclones and at atmospheric fronts.

The dynamics of the buildup of synoptic processes can be
readily %raced in maps of total moisture content over the three-
day period. Narrow tongues of elevated total moisture content
are displaced alcong with the corresponding atmospheric fronts.
Propagation of the high pressure ridge is accompanied by broadening
of the source of relatively dry air.

Owing to the fairly well-deflned correspondence between the
narrow molst air tongues and the atmospherie fronts, and between
the dry alr sources and the antieyclone and the elevated-pressure
regions, and also due to the above-noted conservation of integrated
moisture content when there is no change in the synoptic situation,
the moisture content maps can be of major assistance in tracing the
history of the buildup of synoptic processes and in frontological
analysis. This assistance 1s especlally marked when the near-
ground front is not sufficiently well defined in temperature fields,
parametric trend fields, or wind fields, or when the synoptic map
lacks sufficient data for a detailed determination of the position
of the front.
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A comparison of the Integrated moisture content maps with
the synoptic maps and the baric fTopography maps showed that in the
moisture content maps the atmospheric fronts are more clearly and
graphically pronouvhced than on the Pacific Oceaniggo maps.

Evidently, this is assoclated with the fact that 4t the present
time there are very limited data for drawing contour lines over
the oceans.

In/731/ are presented the results of a combined analysis of
the synoptic situation and the @ field plotted from radiometric
measurements taken on Kosmos 243 over the Atlantie Ocean over
three successive days (23-25 September 1968).

Besides the results of radiometric measurements from Xosmos
243 and synoptic maps, altitude maps and nephanalytic maps as
well as daily weather bulletins of Great Britain and radiosonde
data of nine weather ships of the North Atlantic wére brought
" into the analysis.

Fig. 6.36 shows the Q flelds, and on them are entered the
results of the synoptlc analysls and the analysis of cloud filelds
from the ESSA and Meteor, satellites. Dry alr sources (A, B, E,
H, and I) and moist air sources (C, D, F, and G) are marked on
the map. The figures pertain to 23 and 25 September 1968. The
evolution of all flelds entered on the map can he traced over two
days.

From the standpolnt of the correspondence between the @ /17U
field elements and specific synoptic formations, the following
can be stated:

1) sources of reduced moisture content correspond to anti-
cyclones and ridges characterized by the presence in thelr Feglons.
of descending alr movements; and not only cyclonegs with clear or
sparse—cloudy weather are characterlized by reduced moisture content,
but also anticyclones with solid subinversional cloud cover (for
example, the drier source B in Fig. 6.36 a lies in the region of
sparse-cloudy weather, while in Fig. 6.36 b =~ in a zone of
continuous stratiform cloud cover);

2) corresponding to frontal interfaces, in whose zone as a
rule ascending alr movements are observed, are narrow sources of
increased molsture content; and

3) the moisture content field shifts aleng with the corre-
sponding synoptic formations.

Moist formations in the frontal zone are moré ¢clearly
reflected In the maps of integrated moisture content Q. At the
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same time the deepening and filling of cyclones, and the builldup
and breakdown of anticyclones can be traced in the Q maps much
more poorly on the maps of Q which were, 1t must be admitted,
obtained over a short period -- 3 days.

S

Anglysis of the fields of alr molsture content in relation
to the synopftic situation 1s still in its initial stage, however
the first experiment furnished encouraging results. The prog-
nosticatory value of Q filelds doubtless will rise when the
latent heat of condensation of water vapor is included in the
prognostic scheme.

3-6) Determining %the parameters of water vapor distribution
by altitude is of particular interest. In principle, these esti-
mates can be made in the absence of cloud cover based on measure-
ments in the resonance &j= 1.35 and in the "window" -- at the
wavelength 0.8 em /32/. " However, in order to detect variations
in the characteristic altitude of water vapor from These measure—
ments without bringing in any additional information, high
accuracy of measurements is necessary. As an example that enables
us to estimate the reguired accuracy of measurements, we present
calculated estimates for Q@ = 5.0 g/cm2 At this Q that is optimal
for the estimates, the variation in the characteristic altitudes
of water vapor from 2.1 km to 5 km leads to a change in the

brightness temperature at the wavelength A = 1.35 cm of Tb Lo
- R4

= 10° K. But in order to confidently relate this change in the
brightness temperature to the change 1n the vertical distribution
of the water vapor and not the change in Q, we must measure the
brightness temperature at the wavelength A = 0.8 cm to an error
smaller than 29 K. This precision of measurement Waﬁ beyond the
capabllity of the experiment performed on Kosmos 2437,

Several estimates of the characteristics of vertical water
vapor distribution based on satellite measurements are given in
/33/, based on the correlations between @ and the vertical
distribution of water vapor.

4

in ocean emission that cannot be monitored accurately enough, data

|

With reference to the foregoing and given the inevitable variations

on variations in the vertical distribution of water vapor presented

in /327 are not due to the precision of the starting experimental
material.

-
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4, Characteristics of Glouds and Precipitation

421) The results shown in Chapter Four indicate that given
the microwave radiometer parameters on the Kosmos 243 and Kosmos
38l satellites, reliable determinations of the moisture reserve
in clouds and estimates of precipitation intensity are possible
only over bodles of water /I, 12, 34/

Determining the moisture reserve of clouds W, delineating
the precipitation zones, and estimating their intensity from
satellite measurements was carried out 1n two stages. In the
first stage, the tracings of radlobrightness temperatures at
four wavelengths used in the satellite measurements were inspected.

An example of a_tracing of radiobrightness temperatures is
shown in Fig. 6.37 /7 / Based on these tracings, the precipil-
tation zones which are characterized by high values of brightness /177
temperatures at the wavelength N = 0.8 cmd exceeding 180-185° K
were delineated, as well as the "sawtooth" appearance of the
tracing, due to local structure of intensive precipltation. As
can be seen from Fig. 6.37, this "sawtooth" structure in heavy
preclipitation appeared also at the wavelength ﬂ 3.4 cm. In the
case of marked brightening at the wavelength 3.4 cm, a check was
made of the cbservance of the law Thhh-—(ldh)]that is valid for\

the Rayleigh approximation applied in describing absorption in
clouds.

. In the second stage, outside the delineated precipitation
zones, from the brightness femperatures at the wavelength‘ﬂ = 0.8
cm and X = 1.5 em based on Egq. (6.10), the absorption coefficients
are determined at these same wavelengths and then absorption in
the droplet water is determined (see Chapter Four, and also Egs.
(6.6), (6.7), and (6.8)). To determine the moisture content of
a cloud, we must know the temperature or the effective cloud alti- /178
tude H,,. These values were not determined in the experiment and
to estimate them 1t was necessary to bring in characteristic
values either of altitude, or of the temperature of the cloud
cover, as well as measurements in the infrared band.

The noise sensitlivity of the receivers limited the precision
of the measurements of W to 0.1 kg/cmz. An addltional air source
consisted of the changes in the blackness factor of the surface

> The increment 1n radiliobrightness temperature at wavelength i]=
= 0.8 cm greater than 30° K with respect to the mean-climatic
value was taken as the conditional criterion for delineating
precipitation zones. See also Subsection 3-4 of the preceding
section.
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of the bodies of water
and the nonuniformity
of the moisture content
in the field of view of
the radieometer antenna.
With these components
taken into azccount, it
can be assumed that the
total error in the
determination of the
moisture reserve of
ciouds W based on
measurements made on
Kosmos 243 and Kosmosg
384 18 0.15-0.2 kg/me.

Fig. 6.38 is the

w2 profile of the radio-

1

[ Rimreaten_g brightness temperature
‘! .-Jt_l__‘_¢‘kgLihL474k I B U N I ) I R at th@ Wavelength 0-8
f N &7° w7e 20° g° a0 47° &0° 5 cm over the Pacific

Ocean for 10 December
1970, when the region
of the ocean was cloud-
Fig. 6.37. Latltudinal profiles of radio- covered based on data
brightness temperatures of the atmosphere of television pictures,

ocver the Pacific Ocean on 23 September to a large extent.

1968 /7 /

1. Measurements at the wavelength 8.5 cm The c¢loud cover

2. 3.4 em in the subsatellite

3. 1.35 em zone can be judeged from
4, 0.8 cm standard symbols of

The broken lines correspond to calculated nephanalytic maps plotted
values based on mean-climatic data; the in the lower part.of

breaks in the lines correspond to ingtru- Fig. 6.38.
ment calibrations during the flight}
In converting from

the absorption values
to moisture reserve W, when processing this profile use was made
of Eq. (4.24) that is valid for clouds, but not for precipitation.
However, 1in the zones of precipitation where the absorption is
high, calculation of W using the Raylelgh approximation for ﬂﬂ

glves an overstated value (see Table 7), therefore W values in
these zones are only of conditional signiflcance, correct to a
precision of the cofactor G. As already noted, the values of

Tb N > 1850 K for A = 0.8 cm and thus W > 0.7 kg/m? very probably
3

indicate the presence of precipitation.

4L-2) About 50 cases of interception of atmospheric front
lines were examined to analyze the variations in the radiobrightness
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temperature of the atmosphere over the ocean 1n the zones of warm
and cold fronts. In all cases of intersections of fronts, marked
variations in the radiobrightness temperature associated with the
emission of cloud formations were observed. In several. cases,
when the fronts intersected variztions were also observed at the
wavelength 1.35 cm assoclated with frontal changes 1n the content

of vaporous moisture.

Radiobrightness profiles at the wavelengths 0.8 ecm and 1.35
¢m obtained upon the intersection of a wavefront are shown in
Fig. 6.39. The position of the front is noted by intense peaks
at both wavelengths, indicating that intensive condensation of
moisture in the frontal zone is associated with a rise\in the

content of vaporous molsture.

A similar situation was observed

in the intersection of a cold front in the Indian QOcean (Fig.
6.40). A continuous frontal cloud cover containing cirrus, stratus,
and cumulus clouds was observed in this region in the nephanalytic

maps, from Kosmos 226 data.

| A
57
\ 70

| k. — L

) ] )
L A A

Fig. 6.39. Latitudinal pro-
files of radiobrightness
temperature in cold front
zone, 23 Sep 68
1. Radiobrightness tempera-
tureyat wavelength
A= 0.8 cm
2. Radiobrightness tempera-
" ture at wavelength
A= 1.35 cm

However, there were cases /180

when an increase in the moisture
reserve in a {rontal cloud cover
zone was not accompanied by a rise
in the meoisture content in the
vaporous phase. For example,
Fig. 6.41 shows profiles of
change in content of vaporous
and droplet molsture along the
projections of the field of view
of the Kosmos 243 radiotelescopes
in the northwest Pacific Ocean
on 25 September 1968 when the
satellite track intersected two
fronts: a cold front (about 50°
¥. Lat.) and. a warm front (about
420 N. Lat.)}. Behind the warm
front the vaporcus moisture
content rose to 4.5 g/ecm2, while
in the cold front region, with
just as intense condensation,
the moisture content in the

vaporous phase did not exceed 2 g/cm?.

Analysis of the duration of radiobrightness temperature peaks
upon intersecting front lines showed that the width of the frontal
cloud cover zone with moisture content greater than 0.2 kg/m® is

in the range 100~1300 &m.

4-3) Simpltancous observaticons of radiation characteristics
of cloud formations in the microwave and infrared ranges
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" Fig. 6.40. Latitudinal profiles
of radiobrightness temperature
in a zone of the Indian Ocean
upon intersection of frontal
cloud cover, 24 Sep 68
a: 1. Radiobrightness tem-

Fig. 6.41. Latitudinal pro-
files of moisture reserve of
clouds W (1) and moisture
reserve @ (2) of atmosphere
based on radiometric measure-
ments upon intersection of

perature at wavelength
A= 0.8 cm

2. Profile of cloud mois-
ture reserve

b: 1. Radiobrightness tem-
perature at wavelength
= 1.35 em
2. Profille of integrated

/radiotelescope/ field of
view by cold and wet fronts
over the Pacific QOcean,

25 Sep 1968

considerably expanded our
information on cloud struc-

L vaporous water content ture by combined estimates

iT%AnH T e - — 7.0 of the ecloud top altitude

. J 1 and cloud moisture content.
o 1z The technique of egtimating

i Ly the cloud top altitude from

, 2001 A Y- - Ik radiation temperature measure-

; IR N T N N JFAVAN Yl s X

v osp LD ) PR . . ments in the infrared range

§ 7 & & 4 F & /7 itypin| was developed in /35/.

Pig. 6.42. Example of realization
© of synchronous measurements of
radicbrightness temperature at
wavelength A = 0.8 em and radiation
temperature at wavelength =10 m
of cloud formations over the ocean,

Fig. 6.42 is an example
of the synchronous recording
of radiobrightness tempera-
tures at the wavelength 0.8
cm and radiation temperatures
at the wavelength of about

10 Deec 1970 /B / 10 m /T /.

1. T -
I

2. Tb,w
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In Section 1, the decrease 1n the radiation temperature T
is acaompanled by a rise 1n the radlobrlghtness Tb In this

region a high cloud m01sture reserve W corresponds to.high cloud-
top altitudes. In section 2 the variation in the cloud-top
altitude 1s not always accompanied by a variation in cloud moisture
reserve, and in several cases an inerease in altitude occurs
simultaneously withaza reduction in moisture content. There is

no upper tier cloud cover between sectlons 1 and 2, but judging

from the variations in Tb 4s here warm lower-tier clouds with /182

moisture content W 0.1 kg/cm2 can be present.

T,
: b }noK_ 1 a
v 150 & Tt -

W, kg /m® e | "
| a A a Gy A={75. ey
& | 2m}
[ ool " e I
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o ! ;)2 g 4 5 ftmin
Fig. 6.43. Latitudinal distri- Fig. 6.44. Latitudinal profiles
bution of cloud modisture reserve of the radiobrightness tempera-
over globe based on radiometric ture in an extensive precipita~
experimental data from Kosmos 243 tion zZone over the ocean (at
(Sept1968) wavelength A = 0.8, 1.35, and
a. Averaged over bodies of water 3.4 em) (a) and absorption in
b. 1, 2, 3 -- over the Pacific, the atmgsphere at the wave-
Atlantic, and Indian oceans, length % = 0.8 cm (b)
respectively

4 4) Grouping and averaging of radiometric data on cloud
moisture reserve by latitudinal belts yielded characteristics of
the latitudinal distribution of water content in the droplet phase.
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The mean latitudinal distribution of the drople% moisture content
1s shown in Fig. 6.43 a. Fig. 6.43 b gives characteristics of /183
the latitudinal distribution of the droplet moisture content

over the Pacific, Atlantle, and Indian oceans for the period
24_26 September 1968. The maximum content values of vaporous

and droplet moisture occur in the 5°-10° N. Lat. latitudinal
belt. Data for Fig. 6.13 were used in determining the total

mass of droplet water in the Earth's atmosphere®., The estimate
of the total mass of droplet water is 8.7-1016 g:; 54 percent is
in the northern hemisphere, and 46 percent in the southern. The
ratio of the mass of droplet water to vaporous water mass is
about 0.7 percent.

4.5} Besides delineation of the precipitation zZones, rain
intensity can also be estimated from measurements of the emission
spectrum. Rain showers over the oceans are characterlzed by an
extremely narrow distribution in space. For example, in PFig.
6.38 the appearance of raln .showers can be noted from the con-
siderable brightening at the wavelength 3.4 cm in the region 10°-
200 5. Lat. Elongated precipitation zones showed up upon obser-
vations at three wavelengths (Fig. 6.44). A large values of
total absorption in the atmosphere for emlsslon at A= 0.8 cn
calculated from measurements of brightness femperatures suggest
the conclusion that during the measurement period the satellite
was passing over an eixtensive precipitation zZons where rain
intensity reached 10-20 mm/hr.

It should be noted that in spite of the relatively low
precision of the determination of cloud molsture reserve in this
experiment, the resulting data are of great value, slnce they
permit the determination of several gradations in ¢loud moisture
reserve. Slmilar determinations made from satellites equipped
with microwave radiometers are evidently the only direct method
of remote determination of cloud moisture reserve. The possibility
of delineating, preclpitation zones and estimating thelr intensity
also heightens the interest 1n investigations of cloud systems
based on their microwave emission.

6 The estimate of the total mass of droplet water in the Earth's
atmosphere was made on the assumptlon that the mean values of the
droplet water content over the oceans and the continents are the
same within the particular latitudinal belt selected.
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CONCLUSIONS : /185

The results of the experiments performed on the reception of
fhe Earth's radiothermal emission by satellite showed the sizable
potentialities of microwave radlometry for meteorology, oceanology,
and geophysical studiles,

For meteorology, the possibility of determining the water
vapor content over the oceans is ofggreat value. The virtually
synchronous data obtained on the water vapor content over the
entire planet will make it possible to determine the global
distribution of energy reserves 1in the atmosphére concentrated
in the latent heat of condensation of water vapor.

Microwave radiometry at the present is the most reliable
method of remote deftermination of cloud molisture reserve and
delineation of precipitation zones from satellites.

Observaticns of the ocean surface temperature and the

. determination of storm regions independently of whether cloud
cover is present is of direct interest to oceanclogy and of
immediate consequence to such sectors of the national economy
as fisheries and navigation. To a larpge extent, the capabilitics
of lce monitoring are greater due to the abllity to deteect ice
and to estimate its continuity in the polar basins regardless
of econditions of illumination and cloud cover.

Measurements performed over continents revealed a definite
relationship between microwave emission and soll temperature and
moisture content. For glaciology, the possibility of obtalning
information on the structure of glaclers by measuring radio-
brightness spectra is of interest.

Experiments performed on the Kosmos 243 and the Kosmos 384
satellites are the resulfts of a definite stage in theoretical
caleulations, ground-baszed, and aircraff experiments investigaling
the thermal radio emlssion of the Earth. The results of the
satellite experiments have laid the foundation for the broad
use of thermal radio emission for practical purposes, especlally
in meteorology. Still, these results make it possible to outline
several further problems In extending the methods of remote
sensing of the Earth using the microwave band.

Major opportunilities unfold if the band range is extended.
The use cf shorter waves, down to 1 mm, will permit more exact
determination of cloud cover characteristics and will solve the
problems of regbnsgructing the vertical profiles of temperature
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and méisture even when cloud cover 1s present. Moving into the /186

submillimeter region will permit diagnostics of water vapor. and
inpurity gases above the tropopause. On the other hand, use of
decimeter waves can yield information on soill conditions. Addi-
tional information can be forthcoming from measurements of radla-
tioh polarization. '

r The possbilities of successfully solving problems of the use
of microwave radlometer instruments 1n regular observations of the
Earth's radiothermal emission are to a large extent bound up with
%mQTQVements in airecraft and satellite radiometers.

/ Among the main indicators of onboard microwave radiometers

is temperature sensitivity and spatial resolution, determined by

the size of the instantaneous field of view and the width of the
scanning zone. The requlired temperature sensitivity of 0.3-0.5° K
can be realized in present-day radiometers only for an observational
period exceeding tenths of a second.

Improvement in spatial resolution in satellite observations 1is
a very difficult problem. Possible avenues for extending the
spatial resolution include the use of inflated and deployable
antennas and methods of filming artificial]apertures. Extending
the scanning zcne can be achieved by using multichannel (mosaic)
radiometer systems or by transverse scanning of the direction of
the axls of the antennads instantaneous fleld of view.

The possibilities of remote sensing grow when synchronocus
measurements are taken in the mlicrowave, infrared, and vislble
bands. 'The large spread over wavelengths can yileld mutually
supplementary information on cloud systems, temperature, and water
vapor content, surface conditions, and so on.

At the present time, the wide use of thermal radio emission of
the Earth for remote sensing from satellites has only begun and
therefore it is difficult to give a reliable prognosis of funther
developments and the use of microwave radiometry methods in
meteorology, geophysles, and the national economy. However, we
can state with confidence that further scientifle research and
design developments will enable the microwave region to figure
prominently in the spectrum of emission used for remote sensing
of the Earth.
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